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·:.:-·. 
The alurnfulirii 1. 0% magnesium al~oy 5657 was $~<:Iil:!ci using · ·· ·· · 
.. · :. 
,./"· . .J, 
o·ptical microscopy, .- e_lec-tron microscopy and ely~tron ·mi-c:ropro·be 
. 
~ 
. ..;.,,.: -
- ~ . .. .. 
. 
., 1- • • : •. li . 
. 
• • ' 
. ~ X-ray apalysi.s_ .. Constituent _p~rticles were found to exist along grain . . ~ 
. ... ·,.. .. 
•, 
·boundaries in th._e as·ecast material in a region of pi~ecipitate free · - . ' :• 
. . 
' 
.. 
~·· d~aluminum. lilvers~:· .segregat.ion was __ ,also o:bserved. Five .phas~·s.·-
•; 
·be.sides a fine p.recipi_tate and: o{~Al :w.er~ id·entified in the ·:c·asf s·t.:ru:c-· 
ture: F~I3,. Fe2A_l7, · Mg2Al3,, CtiMgA.12, ;rictC~17. 
190 'hoµr heat treatments were ca:rriEld oUt at 1180°, _11~·, 
1oacf, 10B0°, 9s·oP ," and 880°F to Situdy :f~e.,effect on microstrµctu:r~: 
~. 
. .• I \_ J . . 
. ·. . . . ·, of such treatme.nt a . elevated temp~rg.t_ure. A gef-ral di~sollltJO~ a:rJ.d. 
, . 
. sp'~er-bidizat16h. oft .... -~tit(.Ie,nt::f p.r.e:·s·eJ1:t. was observed: ~ts the·: st.rue~· 
.t1ire: ap.p·ro~_op.e·ct~the equilibr;ium state,'. :1ettd:ing to· a ·bre:akdow:n. of the 
, .. , . ·\. ... ; . ·.. ,· :grain ·boundary netwo.rk: observ~.ct in the as cast ~tru:ctu·re~ A.:,:ffue. 
precipitate, o!.-Al; FeAia and F'e2AI7 were fomtd in hese, str1:1ctures . 
. . I 
with the relative amount .. of .. _Fe:2Al7 to F~Al3_ -increas_i g w'ith a de-
:'.• ... 
:crease m the .. te:rri'p.etatu:r,e =0J·1~eat.t.reatment. 
."':. ;" 
·" 
·Tne p_hases :p:r.e:~~nt in t.he wrought str·ucture were ·:identical .. • 
-
t, 
.,..... . ' . to· tp.gse obs·erye .. d after heat .fTe.~Jment, with the small.const}tuent· 
(> 
1 ', ) • 
. 
. particl~_·s strlln.g out in the d.ir:~ction of· rolling. 
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.. JN·TRODUCTION 
. ··~ ; ,: 
;I .. " :~ 56·5:7: .flloy~is-_ a non-heat-treatabl.e com·frle:rciftl.Pu.rit-y- alum_-
I 
·1·. : ...· 
. .: c• 
.·. ~-
·finishing ·characteristics:.. Its use 'for·. deco--rative·;·trim oh automobiles -. _- . . . . . ·•. . .- ----. •·. ·- . .- .. . r- . . .. . ;,.: , \ ,· . . 
' 
. 
·. ti:a.s led to its· clc{ssi.fic,ation w''rthiri. tli:e- indt.tstry as. an. '-"automotive'·'· J '' 
' ' 
" 
-'·" 
. . 
I 
all~e de.gree of b;ightn~$s ·achieved for such applioations··cte";" 
• '·· 6 
if; ' 
-~- pendS. nQt:only_ on surrJce p.reparatfon and a;nodlzing prpoedure, but ._ . . . 
: 
(--: 
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'· 
.. . 
' .. ' . . . : .. : " 
. ' 
," .. . . . 
.pha.s·~- p~rtic~J=~s·.·.pr:esent in it.. ·T~is .. investi.gatio~:iw-as c.ondu.~ted· to 
' 
. : -~-.. • 
deie.r:rnine ·what second phases are p:r~_,sre11t 'in 56:57 ~1loy :and· how v·cit-•• a • • 
/ 
, 
' 
\ 
•• : !J 
'l,_ ·\._/cl 
·ious e-¥.te-nd·ea therrnal:_trea. tm.ents., · s-imi1aI:' to thos.e -employed. co : JJfer;-
. e 
~- ./ 
··· t' -Gia'.:lly; pdor to hot rolling, Woµld affect these seox.>nd phas ·._ .•· ticles. ~-· 
:-'W-.ill .a.i,d; in:~ IU.lle-r .ll.:Ude.:t,SW,rtdirig_ of :_l:~qt'h.·th·e :b:right .f]JliShifi:g charac-•• ;,... ~ • 
• • 
.• j ~ •, 
• . • 
.. : . '·-·. 
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. .. 
.. ter.ist.tc:$ .of ·the .m.a.teri~l_, an·d. in. 'the. :.det.<9-.rtnination. of po.seible rnethod-~~~--- . . .. ' . 
~·· :< ' 
..... 
.· 
•. -· 
· ·of,.~·o.1;ros,io1:1- preyention. , · 
.. / ~: 'f . . ·~ ..... -L. •,-... 
A great deal of effdrt ~as b.€en exp~nded, 'as Witness~d by the 
. 
. 
lil~-:t~s.i,tilre,. 111 dete.r~in~hg the ,Ph~Ses forme.d b·e.tw,een, alµm.inum- attd., 
_., ,.,. I .. , 
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-~ . ~-
· tile -:el.~m.etits. c o~.m9nly found. t~ a/lurninum alloys· ~nclud_ing.;_ magn·e·-.. -··· . 
. 
. 
. • . -
.. 
;sium., iron, copper, ~iltcon. an_d zinc. MuJ;_h of· the wo.rk includll}g 
., . \ ~ 
conducted to e·s- < 
· · 1-g · -~ . · . . to·-14 ._ :.·. .. . .· · that. of Phillips and o.th~/:rs: · .. · · .in En:glan.q w·as 
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·tat?llsh pha-se diagrams fctr ·var1011-~ aluminum systems-. This work 
' " 
~. ' . 
" 
• 
w.as centered on gaining kn·owledg~ c=oncern:tng phases and-::-_: ~ir com-
.. _ pqsition range, t.he solubil_it,y- c:h~ra,ct~ristic's Qf phas.e:S, th' : ~yp·es of·~ ~ ... 
. 4 . . 
. • ' 
. ,.. ~. ~ . 
· reactions 'involved, and the effects 0f
1 
c~rtai'n long term hea/treat-
.. I . .. 
. . - ' . ·. ' . ' . . -\ -~~ . 
• : rn-e.r.1tS, . ~ C ·,·.. I • • 
.. : \ 
.. ·~· 
' . 
·.!"': . . . •· - .~·~ a sfua_y Such as· thqse · . nduct~d ,by Ph;Ji.: lips, the~ruCtu!'e'__ ,· 
..; . . ~ -
, 
.,\.· < r 
·, ,4J 
. ,.. - ., 
. ' . . ( -~ ' ' .., ~ ~- . . { "1. ' 
. . . •·,._. / ' .· . ""I . -: .. .. :: ... ; ... : 
contains~ i:na'r1y .larget size·d cons_ti~u~, · _-such'-as that. ·~ -~ · 
' ) 
. / .. . 
·~ 
~i;ig an ·J11oy of e·utyctic ·composition. "Ph·itae· i enti-' 
' ~ . . . . . \ 
ficati;n, w;s \hen ba.sed On 1norpholo~, x~ ray analysts, a~d t e, etch- . \ 
. . .· . - .. \ . : . . '"-.. . . 
' in~e ponse_.of these largt ,ea. P9-:tti~leS a., c~!11pared with Pr,e;i~ . 
·. \J 
.· 
Standard: t~tbl~s :C?f etchin.g,_,:re:$·.ponse~f r va.rio.u:s ·constitu .. ertt . 
·v 1.. I 
.. ' . 
I ~ . .. .. ._. .. ., ...• 
found in ~-lurn.int1m alloy:s~ .. ·have. bee~: publif3h·e·d, .·pµt unfo~-tu.n_ately· -a-r·e 
• • 
' "o ,1 • 
• ,:,. ): • 1· . '. :...1 5:. . • . I ' 
ho{ alw.-ays in goo.ct ·a-greement. Phra·gme·n ... · llJTQ_e,:rt6ok a. :stu:dY' of :tli-e 
•. pfo:i.seS whic1:;9rm a .eutl~.tic with ::i,luminilrfi ahd corr.1p:iled a 11G~:-
··\' • "'I} 1.6· · · . 
. · .e·cte'd'J; table drawing on his work plus tha_t oJ· Schra·de·r, ·· Keller and. 
·w·· ·1· · · ~ 1.7 . ,d M.· . d. lf 18 . T·,P.h. ·_ 1· t·t· · t · .· ··· k. . . . . . .. · . d·. 
-· ,J· ~ox,· an . · .... dn. ·o, 9._. · _.· .. ese • a . e:r • wo wor s we-re .. c:on·cern.e.·-· 
·( 
C W}th .PI:ta:se identificat~on ·on con.stituent_s 9--$· :fo_u_nd in .commercial ql-: _' 
.. 
' loys· .. A Ch~<>k back io the original Wbtk of Keller and Wilcox, arid \ ./ 
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11Vrondolfo., rEav.ea_ls: that-their -etching t'esponses were ~ome~t.dif_- v· 
-_:o ·. 
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feren~han those reported LJY Phragm,fn,. ~nd :3:t 'times .w~re i~eon-
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siste·nt with eac-h ·othe.r. :r.,hese in.cons·is_t~,nci.es oc·:clut' bec·atts'e,. _a -sj:>-¢~. 
•1·· .• ,.;.,. 
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. ,. . ·'· .\. . ' . -.· . 
yific constituent will r.e.act to a given etch ,,j.n 1-varjring n;rannet ,de-' 
pending upon'· it$ size" the -~lenients 'dissolved 4-1· th.e~pha$~,-- t-be-' :othe:r ., . 
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.· The situation is complicated with _an ·alloy of rathe.t' low ~Hoy' ( · 
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.·. .. . 
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ph~se particles are small insize and. often sfrung outl Thus the . ' / · .. _., .. ,· ~ < 
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, ·· ~--·"""'~~'-\·h,techniques such as ~lectron micro~;obe· X-ray ~alysis is. so~eWhat · · 
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.. . y 
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that of l3arkerJl who,worked With ROiJ3 alloyJ was condUcted on 'mateFJ ,. 
< f 
i~l contafu'frtg a significa:p.tiy greater a~ount pf a1loi:i,ng eleme:nfs ~han, ·· 
. t ' 
.::._ C 
.= -·~ 
':. :, . . .. _!i,.-r. . ·/' 
f<JtJJid iii_ 5:6 57 a.Jl:oy~ --so tha.:t ·ex!t~_tly :p~rra:ilel tec~hniq\ie·s.: cotild_:nqt ~,~ _.----· --~- ~~- .- . ;.. . 
. .. 
,, 
. ·~ . 
.. •·· 
.>' :.~. 
• .. !t, 
; .. ,·-
'·{ 
-.1: 
·., .. : -, .. ,· '·. . ,  
·, . 
. ~ 
.-, 
I -~-.. ;_ ~ · .. / 
·.• 
. f .. 
.. ~ . ; . " 
.. _:.:_~---~ -~-
·, 
.,. 
~ •; 
.rJ;li .. ._.¢', 
\: 
., '?; 
\ ' 
.---
.t' I 
-.~·-. 
}. /, . ! . 
·) . .... 
_ .. 
I •• 
.. . ,..,_,,_ .,·,.,.,,-_ :¥.*1 !')IW--~'.'°"-J.>1-:-·:1" , .. ,,( .. 
___________ _ ..._ _____ ~: 'A-!?:;,,.,. .. 
! 
I ~ 
t ' 
. ~ 
' y;. 
t 
I 
I 
I 
I 
j 
. l 
l 
I 
l 
I 
. I 
·...;_~·-_. 
. :. :·.' _. : '. .. ' .. 
. . . . 
..,,. 
•• 
~-
, 
.. 
;.;. i 
..;,/' 
-~' ·,_. 
~- . •, .:. 
• > 
·' 
• , ... ·~ -~' . 
. '. ·~ . .' 
~ . 
EXPERIMENTAL PROCEDURE , 
• 
~··· 
Materials 
' . 
-
' 
Matf.i'i.a-l_fo:r.- _thi:s irivestigatio~;"!as -secu:-r;e,d in -serles taken 
. . C .. . 
' 
. :• : ·. 
fxroni._ one'. direct _chilled-,Jngot _of the Al-1. o·o/o Mg Allo_y .565.-7·, with 
' 
c'ornpPsiti.on as given irf table 1, irt ~everal ·stages of. p'.rOCessing i.n: 
',, . . ...... ~ . . . :: . - - r _.,, . , 
. •• • ......... f"" q ~ ,,;; . -· ·• ~ 
/ clud&pg ttef. a~ c~-~f,: l.-'' hot _rqlled, 1 /2 ~' hot roileµ, 1 t 4Jr bot ·rolled. 
. ' • ~\. • • 1!>r 
wf: :. 
. ' 
. • . _d ~ 
.f~ . , •' 
• 
,'c,," ••• 
• • , ... r. 
.- J,·_. 
. ' 
.. 
:, 
·-~ 
. .,, 
arid O. ()40/ Cbl~r r6Iled conditions.. Ca . e was take~ {o insure· that 0.3.JJ .. ·~. , 
iw,at;·rfal Wis·· taken .from \he "head" e Or the ingot tMure grec3.}er 
.... " 
·unifb:r.m.lty of -com.p.os'itioh. Prior to .hot work the ingots wer.e-"pr·e-
'..1• 
·· .M:etallo_grap.hy .. r 
.. /· 
' 
. 
S:.pe.cimen~Preparation 
Sampl~s (?f the material tq ·be inveE!ffigcit-ed- ·w,ere. ·mo.urtt~ . 
. ·.;;" ,. 
·• ; .. ,::•'• 
·e.d in: bakelite· .in the",standard m·anne.r . 
. -. . . . . . . -. ~ ., ,· ' . . . ' . ' . . . . - . . . . . . . .. . .. ' 
Rough grinc;l.htg-· \\ta·_s ca.r·tied .. 
t 
·qµt on -a, ·v~:rtic-cil:belt wet-'g~inaer a.nd followed qy s.ub,.se.que,nt grinding '. 
j ' 
t-hr·ough ·240-, ~,20_,. ·40() and :600-:grit pa.pe:rs' 011-a _q'.omiµer.c·ial wet· grind~ 
~- -
\ 
. . ' _-; . ' . __I ' _\ ·. . 
ing, apparatus. ..A. c,opic)us supply of w-ater ·was used as a lubrica-nt to-
- .· . . '•: !' 
'! ' {' :. 
~- . 
p.revent any abrasive particles f':rbgi bec6m~g embe2ided in the ffiac. 
'~"'"' . , 
trix. 60'0 gti;t Al203 ·was used as a~ abrasive On hotating micro,.. 
:'_.c.lo.tl)_ c~lµr:ip.g 'rough polishing., Al2o3 is a fter abrasive than S.JC: ·,ah.d ~ 
.. 
··_:.. .. 
5 7 : 
.-..· ) 
·\ J 
.. 
,. 
·, 
• I 
I 
I 
.i 
-/ 
-- ... ~ 
. \ ,_ 
.. . 
.. 
0 
' 
, • 'l 
·' :,· 
·7, ,• • 
... :.'-' •:r-· ; ·: its·- use .. ·allowe~ the rough-- _p.olish~-~- specimens to -be .es.s·ent_ially sc:ratch 
... 
... 
. ~·. 
' 
' 
. ' f.re·e. as viewed visually. Fine poltshing was .. perforrried ·on a station-
) 
-~-
... , ... .,,,.,: . 
~
1
.ary· micro9loth using· as an abrasive MgO (co-IJ1:m~;rc"iaUy available a.s 
. 
. . . 
. · ...... Ma_gomet) we·tted with deioniz.ed wate~ .. A· fine·poli~h c·an·be obtained 
. -
. . 1 
~ith MgO as it is kn0yvn· to break down during pplishing from i_ts in~tlal 
size of approximately one ·:micron .. '.Jt wa.s found that a- Itg}1tly_appli~d.,,, 
' 
.p·.re-ssir:re··:resulted in the mo.st satisfactorily pol_i~h-ed s,urface, as_ , 
.either excessive pre$sur~ :o~ a. rotatinl lap rnat;le i~ extr,_e_ly diffi-' . 
·\'.!Ult to pt;ventthe- pickup ,of sc;r,a,tches. As d~in~~ted by Kehl, 2~e · 
·o; pl?lis .. bi'p.·g :cloth_ ·W·.at}, stored in. a 3o/o HCl solut.io:n b.etw·e.e:n polfshin·g op-
-. 
:L.:. 
.... 
.. 
.,,. :: 
. " 
. ' . . . . • . . • - ....... . .. . ! : f 
~:rations, tci prevent th.e formation .of ia:rge ·ca.rbo.nate_s Whic,h :can 
.• 
_.- .M~cr.o.s..qopic Exarn_ination. 
:tfP.', . . , 
l\tl:.tcro.scopic examination was Carried. Ot1t ai; m9,g':nifi-/ 
.\ 
' / 
cations ranging: :from 4.0X_ to l, OOOX on a. ·1:3.au .. sch, ·and· Lonrb _Ee.search. 
-.i>-
model me.tallqgra.p;h. A :fr·osted blue ._filt.e:r w·9-:s {iS:fi-"d in connection 
f ,!-
w-·fth _a, tung$.t_~·n f'ila.ment t.o: .ac;~_ieve· :a. sourc_e: ·of nearly white light. 
'White. light is :d~sj;;ra_b_le as in ce.rtatn. i.ifstar1ce·s ·a differer1tiatio_n .be-
,,weeii pha~es can be matle only. t})rough{u:btle Cblo~ shading diffep;. 
·• . 
~- • 0 .., 
. , l 
\ ..... e·nces. P·olarized Ii8ht proved,an. inrpor:tant aid in.disfinguishin:g 't,."1_" 
between ph·ase·s:. Certain phases., bec-ause of .optical anisotropy, _ 
. 
. 
exhibit birefringence, 23 an optical property bj>whichth~y ch~nge 
• !1-\. 
color .from ljght to dark. upon rotation under 9(0Ssed pdla~lZers 
~. ·,~-~~ 
' 
.,_ . 
1,, 
/ 
,, . 
.. 
\, 
~, 
.. 
\ 
/' 
../ 
·, 
., ' 
• 
l 
-
. l--v.. ( 8.ltimin~m ieihg opt~c~lly isot,ro~ic ·a~s\black). Oblique. lighting 
) · .. , ·- ' - • ·---r··:.,• 
' . u . 
. was found to-be, 8eneficial through.its erihan~_ement of'the apparent 
:t < ::· ••• •• • 
~·_, .... 
[j • 
. . 
' 
.- ~ ...... ~. • : ' 
relief of se·ceh·d plias.:e·:: .. p~rticles, since particles similar to the matrix . 
. . ...... ,,...:..' 
,. >. 
·in coior were'·often indistinguishable. fP.QtrL·it wiffio·ut:;the UJ,e of ·ob-
. . . 
. . ._,,,_,.,-
. 
~--
. . . . 
lique .1ighti.ng. 
• • l 
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-· 
P.has·e Identification _ , _ . :! 
... ·.·. . .. ·.· ...... ·• J . .. . . • .· ;~~ •. .. ,. ' . . . . 
Due to inverse se:gr.e.gation, 'the: ,conce·ntratio.p of seqortd 
; .. '"'I• ·'• -~-
_p'ha$~ p~:r.tic1es ........... mediately adjac.ent to th.~ .Gast e.-dge .of~ fhe 41got is 
app:r·oxim:at~J _ nine times th,at in th,e :bµlk".:in~te·:rial. This.· c6·h.ditio.p .• '. ;'.; • 
·JI,, 
.,_ 
. : ... ··- ··-
. . .. 
.-. 
_. 
-. (--~ was utiliz.,e.cl ·in phase identif:ioation as ·the he·avy c:qn.centratio.rt of se.c~ 
.,. 
-~. 
ond pha·se material c .. ontam~d larger particle:S .fhan.. t·B:o:s~ .. fpu.ntJ els·e~ 
:, '· 
·~ 
. 
where Jn the ln.g.ot,. f:acili.tt1ting identification by· c·.o1or· .~P.d et¢.hing·. J;:.e·- &'J 
.. srpons·e·. Identif.icatiot1: was .initially maq.~ on the· lar:ge pa.rticles antl 
1,. 
·a.s ·.a w-hole· .. 
. . . . . 
-  
\ . 
__ ,.. 
.A :htimb.e·r· .or-· ~t_q'ba:nt:Et hav.e .,b·e~n ·e..&tablisti:e·ct ~:s.~·.c·ausing 
. . 
.:·.-..· .. 
....-
. . 
-· \- ' 
. . . . .. 
. ' Series, and. is use~ to estab}ishJ:he p;ti13.aes p_resent ih a given
1 
anoy, 
I:n this· :in·vesligation the. following aqueous·. sqlution·s·, as ide·ntified :b.y 
·: . 
-~' 
. ·, 
.. t~ir app.roxim.ate cqmp.osOi~iqns, were used as e~chants: . 5o/o HF, 
2:5o/o HN03 , 20o/o H2So,4, to/o arid .1.0.o/o NaO:a O. 5o/o HF-1. 5. HCl-2 .·5o/o: 
( .,. ·- ( ' 
..... 
, flf 
.,i, 
•, .... 
·. 
•,\ 
- I 1a:'' 
-,-,·.---~·,···"'~h''-t•·ti •. -....,,-_;,,~,, .. ,,.,,,,. .... ,., . . ' . ~~;··,:J1~·'10.,•---, •. ,-, , 
·-· .. · -- -.... ·,, . .. .-- ' Ewi;'i(f'.,.~ ·:·~'" , ..••. 
____ .. / 
·• 
..... 
\ 
0 
·,,,,, •.. ,., ·• ·:· .. ·•11•• ... 
I ~-_r--·-
•. ·,.::.· 
> 
•} ·. . ,. ~ . :.- '· 
' . . . HN03._, lOo/o H po· and lOo/o Fe (NO .)· g-H .. ···e.. · The conditions under 3 . 4 .. . _ . , J • 3. . . 2 
. ' 
,_. 
. . 
which these etchants were applied include: their ·use at· r-o6m ar).d .: 
' 
' elevated temperaturief.3,_ ~pplication. ·b·y swabbing or i:cnmersion,_·:and. ·· 
.. b.. 
. 
_:,,;. 
. 
., 
" i '" . - ' . .• 
o.t.her .P:~ocedures ·SU'ch·_a.s_ -a. rill~~- following etching, as gpecifi_ed ·'\TI 
table 2. AU eicha.nts w.ere tn,~e? by volt11fi~ ntea$ufe except so{icl,s ; 
--
"WhicJi ,were·-~ix·e·d··by ·w·eight: .. , ......... -_--·- :.·,. .... ' ' 
.. 
\ 
-;: 
'-Qtlan ti ta ti ve Metallqgr:~E:hy · ' . .. . : .. ,,, 
-.! 
The vo.1µ-me f:ra.cti.on :of sec·ond phase :prese·nt-in the 
-· \ 
c;··a$-l .st_r,.uctut~e wa.s determine,d. u::stng a point. c.o.u-ntipg, te-chnique. 24· 
I Ii>'_. • .., ...... -....... 
J 
,. __ , A. gri_d- of° ·81 points was sup~.ri~p.ose·d. on the sp:e:oin.;ien __ in a· random 
fashion., With readings tak.en 'a:E-a :P~t magn_ific.atfon of ;·appro~ima.tely, 
"" 
···'. 
,. 
'I 
-~ . 
~ 40:0:x:. ·The yqlume :fra.ction is. tixp.r·ess_ed as- ·the fr11.cti-ori of -po.j.n:ts: \ 
eqv~red· b::y se·cond _pha.·~:e· pa_:rtj_c·les: divide-cl by th.E; total nutniber of gri-d-
·pcli?t-s. -.R-·qr _·this: plvesJiga·tion only those partliles whlGh were cle-a.r;;;. 
1-y .re.s.6.Jva.J)le :~:s _op_pos_ed to· :tho.se which appeared as ,~ ·dar.·k- blur were 
• 
·c:onstae·r·e:d tinci tbese-:p.articles were those a_pproxim:ately- l-1./2-;\mt-•• I . 
. 
·-~ 
:cron-s in diarnete·r o:r larger. The size qf ·constitu:_e-rtt.:·p_a?rticle_s- wa-$. 
clete-f:m:ined: b·y nieasµring against a calibrat~d grid\ ,_ 
~ 
T_hermal ·Tr·eatments 
~--' 
S_pecimens for metaJlo.grapl1lc- :e.xam..~atio.n.: w~--r~ neat 
_ tr:E:Jate·d. in a -Lur~fbu:r,g. _c_irc:ulating ·air . .fu:rnac·e- to insure a -ne~rly uni~-, '-
. :.. 
., . 
. ,, 
~ 
~-
. form distri:btitio·n qf he:at.:l' 'The: _one"'!half µ).ch cube specimens .. w-~-re- _ ~. . 
~-
.placed together in the center of this furnace.and a~chrOmel .. ~himel 
-~-
' "t. a: I_ 
. .1-:···· 
'. ·.~-' 
.. 
:·, 
\ 
I 
i 
.. 
' .. 
· .. 
) 
\ 
\_·· 
'"J.o 
J 
. {h:er.tnpcouple wa.s ::dir:e.ctly· ~tt~ched to ~- specJrn.e·n.: -The c.orrect .. fu:r·~ 
nac•e temperattjre was. obtai.tied ·usin1 a Leeds and ;~rthrup potentio-
. . ;;;et;:. wl)k~ ,;as ~tandardiied and corre•cte~ fo room teiriperature. •. 
. 
-
-. ,.'.-----·. 
lJpo~1 t~e ~on:clu·sion .of t-4.~. ·he:at. trea.tm·e_pt :-the. :sp.e·cimens ·we:re imme~:- , 
·diately ·q_u:en·c_h:e:d.'in c·old.- w~te-r· •. · 
' 
. 
~-
. ~. 
~le¢:tron· Mic·ro1lr.obe_ X---Ral Ana1ysi.s ·. 
. ,· - . - .. --
- -
•. .. . . ' 
- ·- . '... . . " . 
- .. 
, .. 
· .. · .. 
' '.\ 
.. 
P:re,pt1rc;tlonu :and, ,:t' disc 3 /16 of an 1nc.·h thick, in.clu-ding the polished 
sti.rfa.-ce,. ·'.~r~$. r~moved for .:mic,'.1'oprobe e·xam.Jnation. .Specific areas 
:to b:e e.xamined, w.e·r-:e· ph·otographed and ·rn..a°J:~ke.d,·witb microhardness :• 
tron image: as view-:ed in fh·e m1croprob·.e. ,unit. . ) /' 
.A Ca.mbridge m:oqel Mark IV sin·gle ·ch:afin~l IV[i~roso-o.n. X-- .ray 
a·nalyi_-e:r W'a.s· .use.d w-ith a..n·.~le.ctro.n beam voltage of 2 5 ~-V and .. a Sp.et~~ 
.~-
im.-e.n"'cu:r·:r-~·nt .between .14:.6 and -ZOO mMa~ Analy$is.,was: ca;r.riecl .out '· -: 
. .. 
.·.· 
ov.Efr .a. fixed tirn1~- :interval :!'.an:d.· .element. concentra,tiop figti'.:t~e,s'. de:te:r~· 
A 
• 
'• 
.,min:ead- by ·C:ompa.rfsoI1 -tp ;a __ Jln·o·W=h S°ta_ndard probed Urtde.r SIJJIJl~r· con--
<S" 
-··' ,'i 
.~ . ' : 
. ·aitlons ., · Peak ~hte,nsity- readipg·s were cor:re-G{¢.d bf s:uibtrac·ting read~ 
µ1g:s :obtain~·.d. at .one degree off the exa:ct .B:rag:.g an·gl.e for diffraction . . .•. 
.. .·-
. 
. 
. :frorn :the: .el.em.e:pt ·in qu·es-tion. 2 5 No c_or·rections w_e,re.· :made fo.r ab.-. . . . ~ .,:a. 
I . /. 
so,r.ptioti: cJ.r hu,:ore$ c·e:n.c.e: • 
.,;,,·,· 
.9: 
1·~-; 
'" 
.• . 
\.·, 
0 ·;! .. ,:, .......... ~..,. ... .,, ....... -- ....... ·. 
.• 
·~.· t·,~ 
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L "· 
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Significant particle ~lement concerttrations:~·e:r,e:. ·not.ed· b·y com-. '" 
. 
~ring ·r~adings obtaidea fo a given _particle a"gain;t thOse of the ma-· 
trix -and observing any ma> ed· variition. The'>data obtained ;as- of~ ~ 
.. 
.1 0 • •. _..f 
'\ 
' • 
·, semi-qu-antitativ_e n9-ture., · considering:the· qrp·all size/tqf·the: :constitu- · 
?, 
:1. ·: .. ents compared to tJe ap;ox:mat~ beani dia;m-~tef of 2 ~ic;ons which ,,· :. . ' ,\.' 
... : 
·-~ .·: , ... 
allowed a matrix ~ffect to influence .the' :re·a.~in·gs: ancl the instrument's 
li 
~·:.-~ 
' . 
.,_.,~· " ~ ' . : .. 
. ;. . . . 
. 
. 
-~ ., -
.• ' ' low·er\limit at ·the ·atoi-pic p.umbeF: of ma.gnes~um.. H.ow·ever, detect1on ... · .;_· -~ 
). . 
.. . \ . 
- . 
sensitivity to· 10-.1 4 'tb to·.;. 15 gra~s allow-~:d. :small are.as o·f high_ con-• • p 
" 
•. • 
-
-
.'9'- .; " . . 
.. 
. 
.. '\; ·}.~·.:.·,. 
- · ·c.-e-ntr.a.tion· .. to :be. o-b\s .. ~rv~d µ:sing ·:an .X-;:ray, -~~Ile_ :sca-i1, c;1.ltho~gh an. in.~ . 
.\: 
,. 
tep::'Sity· .:C-{):t:(ht :c.ould 'not ]j·e :fa·k'2n·.. ·'r:hus a knowleglg~ Of \¥:hat elem:epJ~ 
. <1..-re.: :p·:r.e:sent i~_:a; ·_particle,- -a~d- :'in ¥,:ha:t :ap __ p)J6ximat:~ -C?-tn.bt1I1ts w11s ob~ . ~·. 
. -~ . 
-' 
~· 
. ' 
.taip.e:d. :rathe r ~h·9_l} a:;n. exa.·ct c}u·ant1~9-tive. :analy·sis'. 
. ,· 
:, I•• 
• I 
.. 
' 
" 
;~-. 
·:\ .. 
:.!;-· .. · 
<l(~. 
•;, ...... 
. 
. 
. lJ:$,J:ri'g an e·mts.,sion spectrogra.pltic: :sp.ttr-1:{ ·a_.nalysis .. A:n Applied J;le~-7· -
. 
,· 
·'·",,. 
tta.tion. of: ,_A.l,:. Mg; .Fe,_ Cu,_ Si, Zn, Ti,. 1\/.ln,: .. a~d. Cr~ ~-
', 
. . ). To stu~dy· tpe· 
·' 
I :-
•. • 
... 
·'. compo,Sitien .. change· with dep-th· m frqm the ca-st edge,. ,:rn~t.er~~·aI vi:as· 
f, 
:r·~nTOV'€:d :leav.m.g a. fixed slope d~:WJi from th_e-· surfa·c·e, ::1n:~ r_eaclin_~s 
.. 
. ~ 
-~ 
·w:e:re: .t.ak¢.n at ~pecific int.e:,rvals -to give a -continual (j_ompos.ition p.r·o~ 
file tq_w~:rd the ·center of tn:'e'·irrgot·:_~. 
. .. 
-~' 
• 
•.·';' : 
. ~.. J_ .-,;. . 
: ~ 
. ' 
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Elecfr·op 1V[icroscqpy . - /· 
' . ... 
. . t ::-. . ' ,J 
Specimen Preparation :--. ~·· -
C -
. 
' Thin sections for tran·s.:mission · elec·tron mic.ro:s:cotiY. 
We·re_ produ·c·e,d· ;on ·a Porter-)3lum ·model MT-2 ultra . ;..:microtoro.e with ·· 
. 
. • .. ~.. ~ 
automatic driVe and a mechanical ,sPecimen advlance. 2 6 Sections W~t~ 
cut using a DuPont diam.end 'lm#~··with. a 3mm. ·cutting e·ctge.. T.h.e ·41·~: 
po:si.tio·n a·s se.t.. in- 'th:~: microtome.~ 
-·--- -- ,.· ~ ' 
.. 
. ~c.ast mate.rial was. :c.uf :into 1-/'.2'' long ·blocks vthi9h were 
.... ~ . 
. -·-: 
~ 
•.. 
;'j· to ~ctu·_al ,sectioning.. 'Th~ trapezoidal cr.os.s s.:ection..:is <k·n.own. to aid: ifi > . 
the formation of a contin.uou.s ribbon. ·of· 1mk,e.d. -s.ecti-ons w':h1ch. fo·rinJ:; .. ... . . . . . . . . . ..~ .. . . ·- -- . . . . .. . ·. . . -. . . . . . . . . .- . .. . . . . . 
... 
. ~ 
-bJ?: .the :surfa,c,e:: of the ·wate;r·· h.~Id in. 0a tr·ough, one. end -o~ w:hich: is 
f .. · -· .. - ·_ d-- -b t-h t't·.-. - - .kri. - · ·r 2·H · o .. rm:e. -_--. y _·_e ctf · 1rig: · _ -· f e .• · -
J S'e·c.ti.ohii:ig_w·tts carried .o:-ut :-at thickn.~ss. between 400X 
r 
.and 800A0 using· ·a down:w:ard cutting spee_g of 0~ 3:3. mm/sec:. After a 
---·········-- ·~ 
-
,, -. ' .. 
the_. :electro,,n ·.mJc:.roscope. 
. 
. . 
•,'}• 
'-".'>, . 
Ele.ct_ron Microscopic E:xa~rina.t~on ... 
An RCA.EMU-3G electron mi:crbscop:e \vit:h :a:n a·cce'l~.r~-
• 
11. 
~; 
" 
,: ( 
~ ·-
. ·~--...... ~··-- : .. ~- --·' 
.. 
I 
.. ~ 
•',i,_ ....... ,,, 
I • 
:-.. 
:•.:-~··-
"' .r. 
'·· .. - . ' ' . 
. ·. ,.., . 
• ,, 
a ting potential· of 100 KV was: ·used in this ·study ... s:ections w.e:re· e:x·-
amined under bright field illumination at magnificatiqns:-~~ngl.llg: from . .. 
-
... 
'l400X to 3.2, 0_00~. A tilt stage specimen holder was: e-rnployed to aid 
! J in obtaining diffraction patterns and dark field illu~ip-~ti.on was. tlti- " 
.Jized ·to det~rmine the exac;t are.ct·s .:of the specimen w·hlch were dif-
f:r.acting. 
. .. Pi 
Thermal' Trea trrient · ·. . 
. . ·.. . - . •. ' . . . 
' 
' 
' 
. . ~-~ .·. 
. .. ·-T-hin section:s· r·ecetved .a stre-ss 'r-elief anneal. -at :6:-so~ ·F ~ . f~~ . :.. :, .• .. • ,' . . - . . . 
. . . 
.. 
for one ~:ur ~n~ a vacua~- of 10- 5 torr~' followed by fu~rtace Cool-
ing to_ approxifn~te~y -_2:o·.00. F'.. s··om.;~· -:selecte.d: thll;l. _sections :.t·e-"C:leiv·eq ·thi.s 
-·-
the rma.l trea.frrre:nt., :b.ut :f3-ti'bs-equeP.t- ex-a.mirta-i:ion .r~v~:a.Jed no tha:rke:cl . 
·, 
.poly:go:niza.tion and th~: t~.chn'ique···was. ·pot ·u:ie:d. :fi:rrth~-r-· . . ,. . 
·J: 
•', ,, 
'(: . ·:"" \,. 
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. · ... ~. ._ ·_ _, ·.: ' 
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PRESENTAT10N-OF RESULTS 
.. 
Microstructu·re of the .As Cast Mater.ial 
Particles of second phas.e materi_al w--e~re found to· exist_ prin- .. , 
.... 
. 
. C:ip~_lly along ·grain QOUll:clar:i.eS Witli'. .heavte·s( qonc:entrat10!1S at points 
\~/here several gra.ihs :me~t, ·a$ .iilustr.ated in rigu:r~: .1-. A cton"ClitlorJ 
describec;i _as ·''w.hite .. g·t·ain· ·b9u.nda:rie·s" w·as o·bs:~.ryed, )v"hich appea,rs. -
.. 
•: . / ~ 
as a band of fight colored precipitate free lnat;ix ~af~·rial i:mrii~~ ... 
. I 
i 
. :ately· a~lja_cent to the large second. phase particles·. All constituents 
;_.prese,nt in this all.oy 'were locate·tl"inte,rgranularly 'q.·$: dicta~e.d :'by tlte . ''. 
. •• • 
-..:.....· ~ . 
. r 
copcentpations, of alloy ~nd .impuri\ elements whiGh forryted upon 
sotkiification. Particles varied in length ... fro111 l.--l./~2 .. _micitons to- 60 
... · . 
" . ' . 
:microrts and were. up to_ l:Z mt.c·ronE3 w'icie=. 
? 
Inverse se_g.re·,gation :was ob·s,:erved: in the t'egioh ,adjac:ent to .. 
~ ~ 
. :fhe ingot ~qg.~ :r..esultih_g in 8.1):·~·req._ of :in.cr:e·as::ecl f,:recond pha-~e .. m'ater.iaJ: ' ·;1 •• . 
• 
as illtrs:trat:e'.d .grap.h.ic,ally .. :in .il.gqr~::2.:.. A 'Volume- fr.a.~.tion.: .of· .secot1q . ·- ·- •· '•· . 
- : 
' 
·p:ha,;se.: :m,aterial pf 9':· •. 93o/o· Wa.s .. found -~t·t-n.e· ing.bt e::dge ·':~'S ,ffi~J:;l.Stited 'b-y· ...... · 
- . 
" ~ . 
a. ·po.int countin.g technique. ·rthis: ·value: ·conlr.ai:sts ·to ·a vofu·me .fra:ction. 
. . 
. . ¢ .~ 
. 
-.·of· 1 .. ~\Oo/.o t~ .1. 58o/o found at ·an ·avera.g_e dt,stanc:e gt'eate.r tb.an 0 .. 0.6 7 .mm t ~ 
.. 
· .(n: t'rom the cast e·dge.; .T.h_i$ .t~gioh .of intens·e· pa·rticle· cqnc·.en.t:ration 
., ! 
· w.as abrupt in its -te.riniriation;,: _:Il·ever ·exceeding O. 5 mm, and .. coin.-., 
c_;ided with the presence of -gas voids and a markedly s1na.ller g:raµl. 
13: 
., 
.• 
. 4. 
·,. .. 
. '· 
, 
.. ···-·"· ,., ... ., ...... _ .•. , ... _. __ , .. ' 
\ 
•"' .. -~ ( 
'.t 
. .. 
1 • 
,u :·!1' '·· ,,~.;.,,~.c:,..,a, . 
. 1: 
~. 
I, 
/ 
I. 
r ·. 
•. 1. 
.. 
·,, 
,' 
·1 
'· 
f 
... ' .. -·: ~ .. ··'· ' 
) 
si2,e, 'Because Of t~e. diffiCuity in observing Mg2AI3, this phase wa~ 
. 
. 
not: ihclu·ded 41 the particl·e: concentration sq.rvey. 
. .. . .. 
.. '·' 
. 
. 
. 
t • 
. ' . '. ' 
. Further _evideric·e of·i~~verse segregation was provided by a 
' 
.. 
. 
. $pe·.ctrographic analysis of .the.·. variation in iron" content with distance 
lfl .fron1: :t_he· cast ed.ge of the tn:g.ot... '. 'Tht~. Jrorr .COI1:{e11t ts.· a: gbod meas-
·µr~· ·of tb·e V.ariation in const:ituept d'e'IlS-ity since _p.h:~$·es containing • ' d ,l 
. 
. · . 
. ~-
. 
. 
iron. pre:do111.inate iri. the cast str.ucture-~ S,pe-ctrog.ra-phic results, re·~ 
. 
. . 
. p.of:te.d in tab1e :a,. ·tnd:icate a :m:ark·ed- ll.).cre~·se in. iron co!1tent within: 
'. . 
. 
... . / 
. ' 
' th·e'. fi-rst .. :-2:~· 3. ·mm fr.om 'i_he"·c}tS:.f e·dg.e· as ·c·oll).p·a_r-ed to: the bulk.: m.ate:-rt:a_l.. 
:TJiis .. , .~nq.ly.sis w.as' .con.du·cte~:l ·on :a: :rathe·r· h·ete·.ro.ge11eous structtir:e and 
,( 
·of inve·rs~ seg.reg·c.1.tto.·n .. 
. o· 
. 
Ph.as:e Iden. tificat±.on ,.• ·.. . . .. 
' 
Ca,st Strtictu.re. 
' ., . 
. 
. 
Fi\r.'e:. :pha.s.e:"s. :bes1des0(-Al and a .fine: pre·(Jip,itgte we.re 
'ide:n:t'ifittd m }he; :c:a.st ~t·rµc:t:ute .using optical.. .. micrc)scopO)' and el_E;ct:r.on 
.~ 
,:· ~ 
mic::t:t)p:·rob·e, ~~ .. ray at{a.1y:sis. Tht~:.s_:e .,:r?'ha,s~es· :cl'IJ.Q· tlteir i&ntifying· c":h:~ .. r·-
:: .. ~. 
a·Gt.~ristics. a.ere; giv.en below . 
~ 
piish-gray in col.or .. They a.re often Joun9 adjac:ent to· .e:a.·c·h oth:er with: ;.. 
. . 
·. 
Fe2Al7 forming: a $h·eat~. o;r pe:._rile9toi_d wall around FeAt3 as· the re-
sult of an incomple:fe. :re.a.ctip:ri. ~l{:J·s quite difficult to qistin.guish be-
:~: 
'I' :. 
·' 
h.: .. · '. 
? .. 
·.· 
l. .. 
r / 
f. ,-.•-
I 
! 
"' 
.'- . - .. 
tween them in this form, :although at tim··e.~- the -~·e=~A.17 h·as a -more f 
. 
reddish J:me. However, tliese phases are-easilY diStinguished~ ~ . . 
. 
' . ' 
.. 
. 
1 polarized light as FeAl3 appears da·rk., a_nd c-hanges onl·y. slightly in 
. 
. ... ·, 
7 
. .. /') ~ 
.,. ·s.ha-·dmg upon rotation while F·e2A:t7 exhibits ~irefringence an:d changes 
. /_ .. -
. ' 
-·. ·· _: _ -mark~dly frqm light to dark :u:poh rotation at intervals. of 45• . Figur~ 
. . 
. ,::;__ 
. 
' 
. 3a. shows. these p_hases as th·ey app·ear toget'.he·:r c·h~_ra~c:teristically uri- 4 , -I' . 
. · 'd:er· w]J..ite light=. · The arr.ow on·. th_e 1a~g_e p·article· indic·_ates. the= :boutid~-
. ' 
--oy the O. 5o/o HF· etch-.. F'igu-:re. ~b -show~. thi$ particle under polarized. 
light. with the na-rrow: ~:n~rath. of=·Fe2~l7 .,. to th~ ._right 'of: the bou·ndary-; 
' '. . . . 
-~·· 
' i ~ 
F·e·2·.Al7 w·:ill darke-n:. Thes.·.e. _·ph·a~e:s·· a.re su·bstantially 'hgr:el~·-r· th~n th:e< 
tst4.c-s- V/hich· have ·bee.n o·bs:erv:ed ·an-d w·hich aid in- the id.entification .. . ' . ·.· . ·.. -. . -. .. . . . . .. -. . . . . -.- . . . . 
. - . . . ·. . . · .. · .. - . -; . 
~ 
.· . .. o-f · the-s,_e p:hasres -a:re -~ummariz.ed, ih ta.'bie 2 .•. 
~ 
Elt:l<tfr9,1 _mior·opr:o·be. analy;$is w~s· :cart~ied. :out. on p~-01;- .i 
't,. 
t·±cles with thes.e ::tn-ie=-rb.$_~-9ffG .Cb~ra.:c-teristic~:,. ·cind ·a:.S .rep·c)rt.ed,.ip 
.. 
r:·esult of ·this etch se,r:fes had been~ .inc·o·nclus·i\ie -as to whethe .. r the·ffe '• ,· • .• ,,•; ' '•.' • • -. '• - . . . ,,• ' ,,• • '• n. • • . '• •• • ' :· • 
. •· • ·.• • ·•• ·• 
were. aluminum-ir:ori, ·or ·alumin·um-iron-siilicon phases, ·b.ut·.Illtcr:o·--~ .. 
. probe analysis rule•d ·out the, possibility of either or· ·both of the.se ·b·e:-
. 
. ' ··-· 
•.. 
. ·- ,~ ing iron-alu~tnum-silicon ·pha·ses" as th·e ·s-1lic·9n l.evel was that of the 
·' 
matrix. c=~_pper was· f9u·nct in thes:e p~ha.s,es 'in -va·ryi.n,g_ G-oncentrations 
-. 
,·.·· ... r 
·, 
• 
as is expected due to the known solubility of copper:• in FeAl3. rs, 18 
. 
' 
' 
~oncentrations of magnesium are falsely indicated due to an exagger-
~ ation of the rea.ding caused by overlap from ·both the matrix and the 
aluminum-magne:sium phase wbio;h sometimes envelopes these phases.· 
, 
. ' 
t, : 
• 
· ~elief tp.at magnesium.. re-~·q.in:gs a.re. ·ex·aggerated is supported by ' 
. . 
·rurther read1pgs t~k.e·rt:on large agglomerated iron--.alumJnu:rn :par~ 
ticles itt the h·eat:t:r·e .. a.fed :m:-ate.rial, ···where no adjacent.ma·:gne-s.iu1ri-•· 
/, , 
·~.luJ)ln1urn pha;~ie· .. wa~ =pres:ent .a.nd: ·no significant conc•entr.atic:>n of -ma.g-
..... 
,. . 
. nesfu-m ·w~ts ·fciurtd ' }·. . . ''. .: .... - .. . ·-. ·'· . . .. . " '. · .. 
. . 
.1Vtg2·A..l3: ~· ·u:pde:t- w-hite light fhrs; _pha::s~ -ran;ged: :in,_c-.o.lor .from ivor.y· ·to· 
,, 
. 
. 
_pc:tl.e, green dEfpe.nding on .. th.e ·condition$ .of Spe'cimen preparation:.. In . . . 
. 
' ~ 
. . . 
·11. 
contr(:tstto the :iron-aluminum pp.as;e·s 'rt. is .soft-·.an:d d:oe,s not s.t~rid i1:1 . 
. 
:reiie·f llP:On· p·olishing, but rath~r ten.d·s. to smear and became oblit-
era.ted: :cornpa:red to the :matrJx-. B·e9:attse of this 1·char-~·c-terisfic:,: 
.' :, 
exercis.e-d while. pqlis·h1ng.. :·Obliqt;i:e, lighlm.g ·.ts. .. a . .fu:tthe.r· aid in. o.bs:E:trv~ . . .. .... ' •. 
' 
.. 1-:,. 
'in:g· this· pha:se •: trrider ·p-ola'riz~d ·11ght this: ph~-~-.e d<)e-.s not' exhibit . . 
. 
'· ' 
. 
r. • /.~ ' 
··b·ir.efrlllgeriGf~, ·but. retains upon rotation ·a--urtifor:gi (la;rk'colo·r, ·s.iini~ 
lar to that.pf 'tlle'.ma~t:rix. In figure 4, ta-ke-i1 und.e:r- o:blique lighting·, 
.r 
the arrow "ip.Q.ica,tes the ¥g2AI3, w4ic:h, characteristically, is sur~ 
:roundmg· 9t.,he-r Gonstituents., generally t e alup1in·um-iron phases. 
·The id.entification of Mg2AI3 ·by ~ppea.ra-i1cre and etching_ charac-
··,;... 
,. 
,• 
·. t ! 
·, 
_) 
., 
.....:::.. '· ··-.· 
,. 
)I 
..•. 
teristics, as found in ta·ble 2, w·a·s c6nfirmed by electron micropro·be .. t ~ 
' 
' 
' 
·, ~ X-ray analysis. ·nata-se~ured from this analysis for Mg2A13, as pre.-
" 
.-·· 
·~ 
. sented in ta·ble 4; · indicates a definite G,oncentrat~on of aluminum, a:pd · 
-.of· magnesium at a level alrn.:o.st t4re.e, ti~e·s that of t~e !fiatrix or any· 
,-: 
' . ~ . 
other particles p·ro.bed. Con_cf2ntrations of ir·on. a·nd copper were also \" 
- ; 
. 
. . 
. ; . ; '·-··; .. 
o·b·s~et~ved and ma~ ·be· accoµnt~.d for-since 'Mg2A·~3 .. tends to encompass 
·~ 1 _,,...., 
' 
.. 
other phases wh.io.-h ·thJ~.-n ·influ.enc·e. -Py.adiI?;g-s:: t.ake·n .on thi.s qpnstitue:Iit! -
A:11 .x~ ray line sca-n- micr.opr.cib·e :an_g_lys.ts )(t.a:s :con.ducted: . ·,: 
' ' 
.. ;, 
., : 
:Qp, cons.litu·ents ·in the- ca~t str1l.cture: :a:s.'. show:n o.ptiGa.lly·· in figure 5a, 
and: by' a ·back s·_catte:·red -electron. i:ma_-ge in .fig·u.re 5:1:?. The line sc·ari ·· 
for· alµrnin:u.m, '.a.s- ptes:ented in figure 5c, indic?tes the:- !d~creas.:e in 
. 
·.· ,. 
:a·luminum. :c;onten_t ·caused by the .. presence_ of ~ther ele,m:e.nt:3 :in .par-
. ~ 
. 
-· 
. tic1e·s:· A -arid B:·. · The· pre_s~nce, cif iron in_- p.articl~ A is re,gist:ere.d in: _ 
_ fig1,1:re. :S~d, ·:and the magpe:s:iu:m c.o.nlent .ot :-p:a;rtic1e B is shown·· til ffgµ:re, 
. 
. . ., . 
-&.;'e-!I '.S.uc'.h,- a. Ii.rte -s,can. ana:i-ysts'_fs-·u.s.eful. ~ts. a check on the. 'eleptenfs: . 
p.·re-'sent· 1n a gi_y,e,n c:on·stituent, especi9-lJy .irt c·a.-ses where.the p:a:·rticle; 
i.s too s·m:cill :for·-a :meaningful inteYisity count.: 
• . ·, 
.. · .; -
'-
. 
I \' 
·CuMgA12 - Upon poli~{hrng_ this· phas:e: darkens to a d:e_gree, dependent 
upon the am.9_unt: o:f water used. - Upon polis;hing, this const,ituent stands 
tn relief, as viewed in figure 6, wher~. the typical small particle size . 
., 
-
. 
. is_: :a.ls.o evident .. ·with the application of etchants -this·phase is attacked !'' " 
. 
. 
-17 
I 
. 1 
. , 
I•"' 
. ··. 
i 
l 
I 
' ' 
.. 
•-~-· .,,_.,, ,..,~,-. ,,_. -~ -·-
' I,,. 
! • I 
1. ....... ,, 
and blackened, as iriciica.ted in table 2. As viewed under polarized \.:_ 
$ ".]· 
light:, a wea~ ·birefringence varying from yellow to dark is .obse.rved .. 
, 
Ele·ctron micropro·be: 4 ..... r.a."y a:ri"alys-ls, .~.-s reported in 
· table 4, supports the identification ·~f- thfs. constituent as CuMgA12 . 
The level ei' n;iagnesium is of the: o:rder of n1agnitude ~eported for ., .. -·< 
.. 
Mg2Al3·- and the cop·per .concentration is ov~·r eight times that of.th·e-: ·., 
'. . 
matrix, .. w·tth· no ·a·p:pt'.e~ci~bl~: amount :of othe·r:· ele:rµent$- pre$ent ... : 
.. ' '1'. r . 
. ,... 
Cu2FeAl7 - This phase iS, an off~e in C:Olor a.$ view,e:d under white 
·.· ~ .. . ,• 
light, ·but sorpetime:s. takes ·on a gri~e.n lint de:p.enc.i.il\g: ·µpqn polishing 
con·ditions:. ·This. ·Constituent is often· Jiiffic:ult to Ident}fy·:b·ecause of 
its s"intilarity· to: the matrix in colo:r :and. the .small size ol the pat~: 
;,.·. 
ticles· pre·s·ent iI1 th:is alloy, as illustr:at.ed in :fig_ur·e 7... H:ow·ever, un:~· 
. . 
. . 
.. like Mg2Al3 t.1.ri_s· :p·has·e s.tattds in ·r·e1fef: after _polfs.11.ing. The use of 
polarize·d light reve·a1s ·the -strong birefring~n·t -i;:iatu.~e--of Cu2FeA17, 
' ., .,. 
with.a .prorto:unce.d .<than_ge: from yellow brow:ri. f.q:. dar:k .i1:p.drt rotation 
. 
. 
. ' 
. ·un·d.er.· c·ro:ss·e,d p·olar.izers. 
-.: ' 
·Th·e .u·.S:e of .~le,e~Jr·o_n mJ.Gr.ppi;ob.-e :X-ray a.·naly:s'is· indicated. ·.c-on·--
• - • • • 
I '· 
• 
. ~·.c:e·ntr~tio:ns; of cop.p.eJ~ .an,d iron-, a.s· pre-se..ntea· iri table 4·,. ·w·ell a.-bove 
~ . --
those· of the m~t-r_i:x: The iJ?,tertstty of the c.op.per rea·ding wa·s ':;tltnos.t 
··.i:' ,. 
•, • l· •• - • 
_:four times that .. reporte·d f_o:r· the matrix and the- i:ron content was nea:r·-· 
' . . . 
ly that obt.ain.e·ct fot~·-th.e .. ir·on-aluminum P:has~:s 1,_ even though the par~. 
• ' I . • 
,, ., . 
ticle~ we·r·e. :sig-nific.antly· smaller.. 'flie· :µ1~:e.:r:,1sitY.:· of: the .ma.gnesium: 
. \ . ' 
,-
' --1 
1.8. 
\. 
.. 
. ~ ·. 
" •.. ,. ... ~ .• j,i"!I-
··• 
.I. 
;, 
I .... ,_ 
.A' 
I 
I 
'•. 
reading was below that of the matrix, and values .for other element·s 
.. 
·were insignificant and not reporte.d. Cu2FeA17 -is ·sometimes present 
a_·s: $·mall particles· within FeA13-Fe2Al7 constituents. 
Thermally Treated Structures 
the effect on the structur:e ancJ phaEies preserit of sµch a'n e·:x.posµ_re at 
-.elevated temper.at1J.res. ,In ·general, there was dissolution ·of the ·c .. ori-
:st.ituents prese11.t J~p."Ciing to Jl. oreakdown of the ;gr,ain :boundary· net-
. 
. 
... -- . . 
.tz.a.tion of. the: iro·n-.aTumirtum. -p-ha.·s·:e.s iouna· Jn t:h~ solute en:ric:·hed 
re-g.i.on w-ith ·m:;rl{ed a·gglomeration at the 'highest te:mper~tu.r.e_ ·studie·d. 
. .... . . ' . . . ..·... . 
Ta-lJl'2 -5 prese.nts particle .. · _size: me.asurem·ent:s made :on ·bc;,th t.he bµlk 
, ' 
apd $Olµte ;-epriche_d: regions o.f the 111.aterial,.-'--The. siz'es re.ported are 
~ 
. . 
for· t?e: l~rgest. par1reles e.nco·\1:nte.,rf3 .. d d.uring m.ea:s·~.fy.tn~nt. oC-Al, 
FeAl~ :F:e:2:A.l,7 and a. fin.e: pr·e . c±pitat.e w::·ere-;fo·untj in all t_hese stru_c>-
ttrrE}S with the relative ,amotmts of. FeA.13 and Fe~AI7 q.epenQent on the 
..... J : 
·<;ii 
: temperature :of .beat·t:reatrn.ent.. At: all temperat1fre- 't16 ·large particles· 
... 
. ..#' ••. ,. 
' 
. . 
·tic1e.s indicated that they. m_ight be ·composedi·:of this co:t1stitueqt.. H,ow.---
:.'e·v.er, ntl positive :.results -,w:ere· achieved in de~ec:t4Ig c.:once:ntrations of 
.rµ·agnesium by electron :rnit.ropro·be X-ray -arialy$.iS·. a·t th:e :PO:inJs )vh._e:re' 
particles· of Mg2Al3 were thp~_:ght· to. :b:e ·p.resent~ 
\' "l.9 
/ 
.._<:"' 
..., ... 
~-
,......, 
~· 
.. ·.~·~·u,/ . 
., . 
~ . 
f ). ' 
l 
! 
I 
! r. 
j 
~. 
.~: 
i. 
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.)· 
~· 
<, 
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. ,· 
..::...-.. -·-' 
.,· 
After a 100 .hour heat !.reatment at 1180°,F.,.th~ network.; 
o.f. particles at the grain boundaries had· disappeared and in the solute ,.. " 
' 
enri~hed :r:~ic/n lar~e and highly ~ggl_omerated particle~::of F~Al3 re-
·-... ~-
ma.ined as isol'ated isl~nds: of constituent attaining a :tn.a?Cimu,in size of ' . ' 
,/. ~ .... 
aboµt ·.~ O x: 70: rnic.rpn:s. S.ii:ch.. ·agglomerated particle·s ·at·e. seen in fig:.-
- -'7""':'- .:..:.• 
~· 
· ·u:re: 8a tak·~n. =u.nde·r white: light, .a.nd. in Iigure 8b wh~·re the constitu,-· . . 
~ . 
' 
.. 
.~ ent.s: a~e °i'.de:n.tifi.ed :as· FeA13 ·:i:h·r9u~h ·th.e use of' poI.a~Jz;ed light.· , · · · · · 
· -·· Que·nching w·a;s, se:v~r~ ,ex10.ugh .. a.djacent.to thei e,dge of the ·spe·cirrteti· so 
that rione pf the FeA13 had tir;n:e to tran:s.:£6fffi upon cFmg. _, Particles 
. . , . ,: . . ' . :· ·«_7: :, 
. ~ 
- ~ 
. p.-res:efit in th~~- bulk mate.rial we;r~ .not.ic .. e.a:bly. .,s·malle:r and few·e,r tIJan.- · 
,-,,: 
\I . 
. . . . 
·cooling r·ate i.n: t4e inte.rior of the half-inch cube specimen W-~.'S'. slow· ·• ·, 
e.;noqgh to.· ·allow ·the ec;{ge of ce.rtain p~ticles to transform. t:o ·cJ. __ .·ge __ om...--· .. · 
. etrically shaped birefringent ring of Fe2.AJ7.• The identity of the 
' Ia-r:g.e iron-aluminum pha.$es as a·bsolute.ly :c(:>nfirni.ed through .the, 
u.s.e o.f electrc,n · m.Jc:roprobe - ray analysis/ ·Fi_gu.res 8d p.Rd 8e 
~ • ..: r ... ~ • 
I 
. 
• • 
. •, ' • 
.. ·. 
.·. 
,· .-. •. <'; • .if?. :u.se.ful in d-ete.rmining ·ar··e·as of conce.ntr.ation .. f.<Jt' :sp-eq-ific elements:. 
. 
·• 
. ~-' -
.. ~ 
./, 
C 
.The decrease in aluminum content and iric.rea·s·e in iron· C'ontent in the: _ _; (~ ~ ,;:, :), .• ' • ,- . • . • • • •, •' • , • , . . I • • • • . ••'• • , • • . 
• • ' ' 
j . 
,:' I 
·:response. :indic~ te.ct tb~ .irtfr·equent appearance of, any ph·ases tontainiIJ.g 
. !J. 
' " '· 
-
. 
. 
. copper, . indicating t:h.e :~b·ser1c_e of copper containing c.'.on$titue:nts ... ·, .. 
•. 
,r 20 
' 
. -:---- . 
• 
! ..... '~ • 
'I 
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Material treated at 1130°, 1080•, 1030° and 980°F 
responded in a .. similar :QJ.anner to that treated at the higher temper-
, 
. . 
I 
i/,1"~-_..d 
ature. There was a marked ·change in pa-rticle distribution from the 
cast structure as illustrated in figure 9 for 11·30° F; but witn a .less 
,, 
·e;xt.ensive dis 1solving of the grain bounda::ty· network than at-1180° F. 
Fu.rther·,. :no eJttensive agglomeration of particle=s. occurred although. 
- ,. th·~re. w··aa· ·a definite amount of spheroi~ization in the ·en::ric·hed solut~ 
reg].qn. Figure 10 shows the smalle~ particle Size ::tnd rnot·e scat-{_ 
-fe .. red· distribution- at 113 0° F, typical. of the b.ulk: ·ma·te.·r{~L .~.:t:ructure:" 
.. 
:at.'thElSe te~p·eratures. At c.tll of the:s:·e: ten.tpe.ratu·res :·a c,ornl?Jna.tion 
wJth d·.ecr·ea$mg teptperatu.r.e.. Ne,ar th.e· .s·p_·ec>~rnen e·dge, particles of 
. 
in1en was ·a.ppro·ached, ,wher.e:par.ticl.es: w.:e:re ·again s.maller and. f.ew-
.e·r:~.: the ··rt~lative amount .of .. F:~?..A17 .. inct·eased. Usingpola:ftZed light, 
"'· 
. - ~ 
s±nall part:iGles were observed to .be <;ofil,posed entirely of Fe2AJ7 
with tp.e.ir nµmber· tri:c·r,~.a .. sing·· wi:th":.a ,.dec·re·ase in the te:mp·~··r~ttur_.e of· 
.... : ~ . . 
I ·: 
t:reatn1ent, •. :1~~·1~ctron rq;iG·r.:oprobe: X·;;. ra'y a·n.alysis c.onciuct~.d .at .1080° F 
• . t ' 
gave .. ide/rttica1 re·su1ts .. with tl1e analysis ma:d·e .at 118'0° .. Ft COIJ.firming 
the identity :of ·the .iton- a11Jmi11um ·c_on.s.tit1.ients and ·f11Jtj.ing· no .sJgnJfi-, 
.... cant" amount, of any other p·hase. 
Following a 100 hour h.eat' trea-tmerit at 880° F the di$-
,.. 
.. ! 
t.r{buti,on: t>f: ·second phase particles Il}ore closely resembled the cas:t: 
d 
' ·'· 
'· 
_J 
-· -· .. - .......... + -·-· ,~ ..•••. , . --· '-... •• • ·" • ' 
... j 
I' 
: 
,.... •i 
".·.t 
.. , 
. I 
·. . I~. 
. ; ... ~ 
'\ 
;"':· 
... ' _,, . 
. .· 
.· . . :.stru-cttire than any of the other· he-at treateq st:t~ctur·e~, as se-en in fig-
. ' ' 
---.·· · ·11 ;ure. 
. . - .· . . . . Metallographic examination ind:icated that again there was a 
c.ombina!ion. of FeA13 and Fe2Al7 w_ith all particles of FeA13 having 
' 
been transformed around the outside. to Fe2A~7. Sffi-all particles,_ 
-- • 
/1. 
' 
·e\te,n tlio$·e a·.dj:ace:nt· to· the specimen edge were c.ompl~tely transforme:<l 
. 
.,~:'<'-· 
_t . - • • • 
. ;. \ ,,· 
to Fe2AI7. A gafu the mafoiial in the bulk portion o'f the -$p'e0n 
.. contained smalle-r ·ar1d· fewe,r: ·p~rticle-s·than· ~id that :i.n.-·t}J.~: solute en-
.. ' 
:ric·hed region ·whe.re p:·artic-le·~ were stmil.'ar in s-fze. :to ~llo·s~ of the 
·. •. 
r 
a:• 
.cast :str.ucture 
. . .· .-- .. : .-. . . . . 
Wrought Structur~ 
Wrought ro-at¢rial ·Wa..s ·ejtamine:d- after havin:g· :be_ert :b·ot. 
'\ 
''rolled to 1 'f, 1/2·0 ,, apd I /4'J a.nd: Cdld, ·rolled to o·. 040'". B~:.sid:E{S·. 
partiGles· whic'h we·re strung o~t ln th:e rolling dire:ction-!' 'rh~:s._e: p~kr~ . 
·ti.c.les w:e:r.~ no. la_rger than approximately 2 x 13 ·.microns for the -1" 
- ' 
st.rtrcf-ur·e itn.d .. dec·,reased to· a size· less. th~n 2 :x 7,. ·5 ·microns. Iot"· th:e· • • • • • ·, • • ' • • • I 
• 
' 
' 
::o: ... :_0.4:Q:-" C'dld.:0,w·orked ::m.:ate·ri-a.l :( s·Ete:· tttble . 5.l.. E·-x~ct·~on. ]J1ic·ropr:O~be 
e~a.mirtatio_n_, :a:s re_ported· in.. t~:b.l~ 4-, cpn.firme·d the ide:nti:f:L-GatJ.o.n .. of 
apcl did not irldieaie the presence of Mi2AI3, . The strung out n~t.ure 
,_of ·t-he ·c·orrs t.it4~-pts is· s:e en for the: 1-:' '· stru·ctp_r.e,: in .'figu·re: 12: • 
• 
··• 
2·2-.· . , .. 
,, 
\ 
• 
,,r, .,, 
J 
•.:, 
.:f: 
'· 
Electron Micro~copy · 
Thin ··sections of aluminuni ranging :ip. tbtc.~n·es.-:s: f:;rprµ 40:0 A0 
to 800 A0 were. succes:sftiJly prepared for tran~m:is.:sio11; el·ectron 
. mic.roscopy by ultra-mic .. rotomy. ·These thin. film.s w.ere, fo_ut1.d_.. to 
:co:nJa·~n both the oe-Al ma.tr:ix: P.:rid:- S:ec·.on.d J?hase: ,pa·rticle·s· as: ·vlftn.ess.~.·d 
.b.y:-· s·eve.ral characteristrGailly $'l1J1pe:cJ .P~rti_ele.s: W'hich. we.re found ifi a -·, 
. .. 
. '-~ 
.. numbet of succ.essively formed Sections. 2 7 Further, an examinatio:r;i 
•· ,.-
:of the metal. surfa·c·e frtfrn .. w·hich 'the·se films: we.re: .cut revealed pa·r--
"· 
.ticl,~:-$·w.h_ich a_ppear·ed to_·ha.v·e been··sheared through during· cutting_ . 
. :r: 
Upon exam-inatiop at:rllc1.gnific:ations ranging from i.4(lOX to 
·32, OOOX, it w·a.s observe.d that: the material had be.en. sc)tnewhat de:~ 
~-
formed resulting· .in a s.tr.uctute ·w:hich contained :m~ny: small areas of 
va-:ry:ipg :in-tensity ·w:htc.h. ·iAre:.t·,.e: thought in som.~· :irrsta11ces to be. -~e:cond 
':p4as.'e: rrrat~·ri~l. E1_e:ct:ror1 micrographs ·a .. re; f:ot1h·d in· fi_gi-.tp.e·s: i-3- a·nd: 
14 show-Ing· t'his· typ1~: of strµct-u.re ·at '28.0QX .and s:ooox :re:spectively~ 
• • ,, • ti ! •. 
·u:.Sihg_ both :a· ·no:rinal Spec1me.n hold·e.r ancl ~ -til:t stage· m,echaniStn, 
. 
.., '-. 
. 
... 
difft.ac.tion ·.patterns w.e're- :o·btained :of th·e:se 9-I':e.as u,s.ing :da.-rk: field il.~:· 
,dP. ' ' . ,• ' • . . luminatiort to :.ascertain. the :r\e,giort :C·au~.in:g qj.ffra.ctioni All -electro.n 
:d'i'Xf:tact.iorl :Patterns obtain.e:.d. ·-were ind·e'xed- ·as alu-~Jn.u·:rp. w:i-tfi .a lattic:e 
i~l /~Pd tlle· n·ons·,~rp.et_ri_c·. :clitf.ra,ctton: patte:r.ns obtained,. it was rtot 
'· possible: to ·dete·.rmine positively if. c~rt,atn ·w:_ide rings w.ere· partially 
. 
~ 
. 
fcfrme·d :-by dlff:ra.ction fro·m second· :11ha.se m-at.e:ri~l. A :S.:tte.s·s:. relief 
~ 
:2:-3' 
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anneal at 650bF for one .-hour was c·arried out in an~ effort'to cause 
••• ••• • • • 4 .'' •.•• - • • 
_;-: 
polygOnization of the observed dislocations, bu~ the change was not 
a significant enough improvement to obtain a c:Ieai• diffraction pat~ . 
tern. 
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DISCUSSION OF RESULTS: 
Microstructure of the A~s Cast Material 
The presence of constituents principally in interdendr!tic o:r 
inte:rgranular :regions is ·predicta.ble: from _a knowledge of the solJq:ffi-
catio:t;1 process ih genera.1. 28 This pattern Of microsegregationcls 
,._..-
. ; 
t~ommonly· known: as corin-g.:an~ is: c_·au·sed b:y· the. d~ndritiG· free.zing of· 
stn·gle phase alloys c:ontatrfirtg inipu··rity· :eleme-t1.t:s. --The initial ma te-r-- . 
. . . . . . ; . . . 
. ' . . 
-ip;l to solidify free·z-e .. s· ~-:s a :rela.tiv·ely :Pµ .. :r:e· 1netal r:eje.ctihg the im--
. 
. 
·p:urity elements to the .(Tontrnually-· eh-'!~iGhiJ:rg 1:iqu.id. When the solute. 
·. ric·h l{quid located b:etw·eeri.: th-e· g:r:ains :finally _:$·Oliq:ifi_EfS it contains: 
. 
. 
. 
. . . . .•. . ·:J. . . nonequilib:riun1 c·onstitu·entq.- s-uc:h· -~is tho·s_e :obser·ve.q Jn· 5·:657. -alloiy as: 
. .., 
is· siic,h· t_hat: there. is. n_dt en:c>u,gh: tim·e for qi£fu.s:ion. to.: modify o'bserv·e.d-
''-C:olored :alum.mum along the gr~m :boundarie.s is: caµ·se:·cl .. b:y the· marke-d 
d·ecrease ,of ._fine precipitate in this region. The explan:atiort W-OJ:ild , _ 
~---
. . 
. · 19 .· 
.· · . · t·· ·b th t · b s · · f · · 1 ·b · t· · •· • ·3 ·o o 3 ,· ·s-e-em · ·.o. :e .. a. given y perry · i or a s1m1 ar o s~rV.c3. _ion. m: ,:_ ··. 
~Uoy. It is felt t~at the level of pr!=!cipitation .along grain ~ounda:ries 
·i:s tqwer than .iti the- pri~ary aluminum, si.n'ce the ·aluminum here is 
' part of the ·typic~lly o:bserved divorced e.tit-ectic which solidified last . --
._ ..... , 
... 
.. ~ 
0 ... . 
~ 
.. 
,_1, 
~ 
., 
'I.• 
//. 
·"'· 
.: 
and at a low·er temperature than the rest of the }~tructure . 
. . , ~ Invers.e segregation ·or a -thin layer of solute rich .m,at_e:ri_at 
' 
,¢Q:t1tainJ a heavy cG>nc'entra;tion of second phase ~articles Was ob-
$} 
::$'erved at the ca·st ·edg~_. of the :ingot.. T;hiS c·onditton ha.s .b_·een termed 
\lq.:uation or a bleeding-out of solute- rich material .late. in t.he :solid~ 
i:fiCafidnproC::ess: 29 As explained by Chalmers, :30 this condition oc- _ 
·cu,rs when solute :rncfv:es in. a ,cttre·ction opposite to tha't .-of ·normal seg-
'· 
-.:regation. Suen :a pr:(>"oe.ss: cJ1.n :occur due. to the shr.ink:a'-'g,e -.ac,company-
out to the. su·rfac~ .. ·du.e- to:.a p::se·_ssu·r~ qiff~tr~nt.i.~J... Su.ch Jt differe_n:ttal 
<J . . • 
r :fs: c:aused '.by th·e ·hy.d·ros.t.atic head of li_qu_icl: metal q.',bove. th·e_ :s.o1ic:iifie·ct 
metal, ·w·hic-h upon solidific·ation ·shrinks aw:ay from th.~- mold w-a.ll .. 
.. 
..' 
p·ha·se' Identificatio~ 
~ • : : • •• • • • ' • • < • • • ..-. • .,. 
c·ast Structure 
stability- of FeA13 with decreas·irt~ teml?eI'Jature. Phiili.p$, 
7 po'intp ot1t 
-th~t although common :usa~e r~fe:rs only··to F··eA.13, "in fact ]~ra.dle·y a.pd 
~.i 
coworkers31 have proposed that upon cooling it decomposes into 
Likewis:e Mondolfo18[ refers to· F·eA1 -and 
. ' \3: . 
and Fe2Al7, pointing out that their distinction is ~ot .clear since the:y 
have the same etching charactertstics. Phragrrie'n15 n~tes that al-
though he uses t~e designation FeA13J this phaSe decomposes to 
:2'6' .· ' '-
.; 
·""':"'"; . 
• 
· .• 'i.·" ., ___ .. _,,,.,, ..... -c-.·1~·,.w;,,:p.,1:i;:,.tlP',l..r~iln"~iYJJJ,'C.t..;~,I.._,.,): ~~',l'l'.~~·.;s,·,! ... , .,;• .-. ·. .• ~ . ,-, 
:' ~i,,'...~ .. ~--·1:·.:.· i 
I-~-----_ ..... I - . 
~ .... ~i • 
'-· '~l 
"" ·11 · -
I J; ' 
. Ni: \ 
! ,: 
.(i), ·~· .• 
' 
.. 
Fe2Al5 and Fe2Al7, but states that it is unclear as to whether thes.e 
latter two are actually separate phases. _ In their etching tables 
Keller and Wilc-ax1 7 ,refer only to FeAl3 as do.es the recent book 
~ -
- . . 
..... > ·~ 
' ,• 
: · edited by Van Horn, 29 following the. trend as stated by Phillips 7 to 
. 
' 
-
. 
. 
retain t4i$ designation until furthe.r work clarifies the-matter. 
A recent Russian translation edited by Ageev32 supports\ • 
t 
•. .., 
after additional work,_ the alu~inum-iron phase diagram ·propo~~tl :by· 
·,it), 
... 
. l3radley for tb.i.$, re.g_io·n of low iron·. content. It is shown th~t .Fe~13 
compo:ses-- :irtto :a tw·o phase., regiot1 of _·Fe2AI5 and Fe~A17, while. 
' 
.( 
.... 
. for lower ·c:.once:ntt.atJ.qns ,pf: iron :_a·.s found in this matert~J-,.: there.= is. :• . 
. 
:~ peritectoid ·reaction be.tw-~e_n_ F.eAl-3 and. solid s.61utio_p. a:lµrpj.n~um: at 
~-
.. ;~ 
. ~ 
56o•c ( 1030° R) to fo·rm ::ir-e2·:A_17-:. 'This ·view is- als.q: held .PY Pra:tt-
and 1r\ynor. 33 
~ 
··-.. Th:e· ,r:esttlts obtained. ip this WO·rk: supp:ort --the :finding· th~t 
.. 
- . ,,, _. ·, ' . 
. . " .... Fe:A.-13 ·tr~:nsfot~!n1s. 'to' ·Fe2A.I 7 .. ·-a~ ,the result of a perit.ec.toid ~a~tiori.~ 
'.() 
:This ag:reem-ent is base·d; on· tw-o p_j.ec·es of :evidence. = Throu·gnthe ... _-.u·s,e-• 
, I 
,:~· ' . 
. ... 
·of ·polatized light, it is observed that two· distinct .phas:es,· -~·::re p:r·e9·e._nt-
. 
. . ,, .: 1 
-.:·, ..:., .. , 
w._ith one phas-e surrounding the othe-r a.s th.e result of an incompl~te 
r~-p.~t~on.- .Further,._ by electron rnicrop.robe X-ray analysis, it was 
shown that. both of th·ese ·phases. cotrt~in- iron a.:11d_ a_l1fmmum and ·:a·o: 
. • . ?, 
~. 
. 0 .·· ' 
not contain significant anlounts of other eleme-ntEr, n~mely s_ilicon. 
The designation ·Mg2Al3 has ·been accepted as the name for 
the aluminum-magnesium phase which wa.s also for~erly known as 
-
. 
•-AIMG,,_ 15 Mg Al l8 
r ~ or ' _8· As is the case with n{·any intermetallics, 
27 
'1••·.,·-~·~ : •.• 'i} . . ..... ·: 
( 
·( ,, .· 
, .. ~'.'"· ·: ::, 
J' 
I 
'-. 
' f 
.1· .. 
.,.. 
;..··. 
"•-' ... -. --. . . . . 
. :'r ; 
Mg2Al3 does :no·t maintain ah .exact stoichiometric ratio. and in fact 
the ratio indic~ted by this formula is outside ~ts equilibrium range.~ 1 
As attested by the literature, 3·Mg2Al3 is nearly im- · 
i 
·p:os·sible. to :distinguish from .aluminum in the unetched condition, be-
µ. 
• 
'l 
caus;e of the often identical coloring and the· soft:nature of t_his phase 
f 
which make·s it a difficult endeavor to _p.plish· the- sp.e.cimen ·without . 
. , 
\. . 
obliterating this phase by sine.a.ring._.. A further diff.iG-.. u.lty· o:ccurred 
with the electron :inic·rop:fo.p·e X:-ray analysis_, a,,~:: the- s.rnall .. degr·ee of .· 
·\ ~ont,-.ra.s_.t b-etweeh thfs· pha·:s:e ·aJld th~ rn.at·rix a:Er .si~en Ill a pac·k: s·catte;recl 
electron ima,ge, make.s the fo~atioPc q':r this phci.}Be a difficult proposi- ~· . .... 
~· 
:tiort. However, th.rough 'the use of o··blique: ligl1ting, _ etchants and the 
.el~_ctron :r.nicrotrrob:e· x-:r~y an~lys:fs·; iVIg2AI3 ·¥tas identified. Results 
l._pclfq,at~d' It S:i:l.icbfi le.vel .of IlJJa:r:l.y· 1. :Qo/o W'lilc·h is in app-roxi,tp._a.t.e cl_gre.e·.~-
-· 
~· 
' 
m·e.nt wJth. th:e: ·a-mount: of silic·on ·J?r:.·es~nt :in 1\,tg2A1:3' :upt,rt s.ep_c1ratio,r1 
.. 
-:-"' . . 
CuMgA12 has.b,ec0m.e·::aec.~ __ pte·d as the d·e:sfgn-ation.,fq .. r 1 
. ' ' 
the constituent formedy known as A113cu7Mg8, 
16 AlCuMg, 17 or 
._  ._ . . . . · · 1 ·a .. _ . · _ _ . . . . . . , :· 1 s · . · _ . . . . . _ _ ·-c u·2 Mg2 A 15. · _A.s re_po.rte·-d l1y Mondolfo, . outside of Mg2 S1,CuMgA~2: . ' 
. 
. , 
ip tbe :only phasl~. ·:w:hich is atta.ck.ed by wa_ter and g~nerally tappears--in .. a 
' \ 
r·ath.er darkened state even prio·r· to etching, __ ,and. a:s S:ti~ is ·r.ea·ctiry dis-. 
' . . ·. 
. 
t.inguishable. Because of the small size·- :of: tbis ··constituent compared to 
.. 
• I 
-
_.~ ' 
.F,e.AI3._·-:·Fe2AI7, electron mi:eroprobe x~r:ay analysis was-'_son\e~hat 
difficult, but due to ·th·e P.1,:~·_rke.:d: c·onc>ent-ration of copper and magnesium . 
.. 
·28 
.-
" ....
.. u· • . ·.'.'' 
-
,,, I ,.1. , 
ll"""'i. ' ~ '. 
'·. 
' li, • 
. :·;·' . 
. I 
j] 
ii '.i 
1. i 
lll ... :. ,: 
' {-" .1 ·.:' 
:,;:: -., I 
-;.,, LIi . 
~,; : : : 
r;::_ I • 
-- ' [.JI_ I 1 
• 1 • • 
I 
.. I 
[I 
.. ', 1111 
• : • I :~ 
II ~,.: 
,- ' ~ ,, 
" •., ,.' \ 
,,;;;;;. I 
'·11 I 
,:• 
... 
.-" . 
•';' .. 
'""· 
··~ 
. r 
theiI' presence was reveall:id. Phra.gme'n15 states that upon solidifi-. ' ; 
.. \ 
. ' 
cation., CuMgA12 re·acts peritectically w:ith the melt to form solid 
"' aluminum and a thin layer of CuMg4A16_ whtch p·:reyen.ts further de-
composition of the CuMgA12 ~ · In this. stu·a.y the presence of such a 
. r11 . 
sheath of CuMg4A16 was not dete:b.m.tne? :'be.cause of the snia11 size of . 
. 
the :darkened particles antl th·e 1toor· resolution und:e-_r>p.ol~:rized light , .. 
·whe.re :Cµ.M_g4Al-6. ·doe,s not exhfoit "birefringence •. . . . 
. 
. 
. . I .. . ·' ·other des:i~ations fo·r What h~-s bet!b'rr1e co1nmpnly- ac--
cepted as Cu2FeAI7 include N2, Cu2FeA1l? and p,-AICuFe.17lJpc>n 
examination un_cier white· light this, _pl1as.e ts b.ft_en .·difficult to distin-
g:t1i.-sh ·b:ec:atlse'. of its off·~w'hite: :colctr ·s_iroilar to that o_f the matrix, in 
.addition to: a srn~ll ·part±cle .. :Siz:e artd sparse distribution... Howe·ve.t\. 
sis also revealed th:e pre:sence- -:of" this c.onstittrent, de,sp_it:e. 't"he :p:ar-
ticle" size, .due to. t.b.e.- cohQe:nt:rattort of.. iron a:nd: co.pp er. 
At~t11;e··tntt~:ation. of. this ~-tudy it- was suspecte·d th·at one,,. 
. 
. ·of the c·o.r1stituerit-s pres.e~t :in. ~~ls ntat~rial- w:ould be Mg2:Si. The 
·. 
'. 
' 
.•· .· 
. :.......... 
. 
' 
l{now·l€dge that Mg2Si is a- pha.se -co.:rnrrto·nly found in- .aluminum alloys 
-and that magnesium .is ··kn_o.wn to unite JYre·fe,rentialJy with silicon when 
both are present, 18 support this view. How,ever, Upon metallographic · . 
~ 
examination Mg2Si was nof o·bserv:e.d.,_ a~d sine~ its ·pre~_ence is rathe~ 
ch.aracteristic, it is felt that no large-:p_arti.cles· of this: c_.ons.tituent"'_a·:re . ' 
·. ·2:9: 
.,/ 
·d'• 
· .. ;... 
,; 
.,,. 
... 
-.,: 
.. 
present. Also, Jni.~roprobe analysis reve·aled. no conc~en.tration of. 
-· .. IP 
. 
. . both magnes'ium and silicon for any resolvable pa:vticles, although 
suCh concentrations were icca~iqnally ob;e~ved in ~reik too small 
\ 
to- be reso1ved optically. · Su:·c_h unc-haracteristic concentrations might . . 
-~. °'= o·cex1:r in the hete·:rogeneous .structure of a dire'c-t. chill cast ingot. It is 
feJt: that· if.:M·g2Si is pres.e~t, it is in the- form of the .Q'l;)s.e:r·ve.d: fine p1'.~e-
.>'"··· .... 1····::··' .. 
·1 :-;-. ·I 
• .1· 
'.cip.itate w-hich bas not be·en. oth~r-Wise identified· .. It is -f·u:rther reali-ze·d: . ~ 
o. 
'(,.'· 
t.ha:t the s:±:licon content of this mate·rial is., .. r-~th:e·r ·.low: f0, .. ,.-0.5 wt.. o/o}, and· 
:· .. 
-c·onside<riri·g:·,tb-e solubility of siliCct)n- in aluminum .(:1. ·65: ·w.t.,. o/o. p.t·the 
{. ··c, -
29 "\ · :eµte·ctie t·empe-rature of 1071° F} ·. .it ts· possible. th.a.t, .in . .fact, the. 
silic.dn ·is all m: solution . . . . . .. ·. ~ ...... -- •-· ·- . :• 
i 
The uniform r·esult of' a iO:.O :ho1ir ,heat tre·atment at ·.elevated ..... . . \'' . , .. · . 
. ... . 
te:mper:3Ju.'t'es was ~Odification of the as Gast st!'uCture thro~g~ 
:. 
, 
· .. f . 
. ciiffus,.ioti'- a_nd,. :the- dis-:solution qi· ¢()0Stitu·ents, 1.e:~d .. ing· .fo :a stru·oture .,~ 
. 
: • 
' 
• 
'ii 
.1' cont~-ining 'fe"'vv.~·r .$eC'C>n·d pha;se p·article.s· a:·nd a -$Ore uniform d.~_stri-. ' 
:bµtion, of impurity. an.ti. .allo_y eleme:nts. At all. t.ern.p~:-:ratu-r\e'·s: the x·e·--· ' .. . ,. . ., 
s11lting structu.r··e c9n±aiped be.sid~s theo<-Al, a fine -~p·r-eG:iplta'te and 
particles identified .. a't3 th~ iron-aluminum constituertt-s FeA13 a_rtdn 
.. . 1/1 
Fe2AI7 . µ1. th-~: 1:.tulk material, outsid·e of the- sa:lute enriched region, 
. -~· it w:as .fottti:d that. tlte -particles present- we,re .of .. a smaller size and les·s. ) . . . . 
. 
in ;n.umber th:a:rt,in t4e c.ast material jn,9:i:.c-at1ng that there was subs.tan.·-
tial tji.ssolving of the. in1tt.al pa.rticles· .. ;, in-~ move toward equ_ilib:riµm .. 
·30. <: 
\. 
-~ 
..... 
conditions. This tendency was enhanced by both the increased solu.~ 
bility of iron in aluminum at elevated temperatures. ( 0. 049 wt. o/o 
- 29 .. . :at 1202° F compared to 0. 006 wt. o/o :at 932° F) an:cI: t.he increas·ed 
-~ate of diffusion. 
. In the so1ute- enric··hed region, at alltemp·eratu .. res_, there·. -w-as ·· 
:_a hea_yy concer1:~::ra ti.on of ·sphero idized particle·s:.. This· conc.entration 
:i.s .att.ribtrt.etl td the- heavier· initial conc-e·ntration of. constituents cc>rn-: .- -. '. . . - . - . . . . . .. --. . . . ; . '. . . ' ... '··· . 
. . . . . -· 
p·:a.red: to --the b·u1it:-triat~~iaI, :9--n_cl tb.e ¢c)tre .. sportding effect on th;~ ap·-, ... 
.. 
. 
·:. ,, 
p~r.¢nt ra:t.e: .of dissolu'fiop, fcrr tJr~ pe:r.iod of· ti:rne involve.ct, .}V.bi_cfl w-:as. 
r 
. ir1$l1ffici:ent to· obtain. ~t -unifo.rm :-q~o.n-oe:nt_r~tion :"g.r·a .. dieint within the-~ 
.ll' 
.. 
·m.ent th.e:r.e w~'.:s. marked :a·gglomeration :Qf the- p_a.-rtic1es as is known·to . 
oc-c.ur ·at femper~tu'l?es n~ar the: m.elting point~·Qf a c·ons:tituen.t.. .At:: 
mic::r.o·st:ructu:re. is: attributed to the decreased .rate of diffusion. and ..... ,·· .. , .. ,,·, .. · .... ,. . . . . . - . . . . . - . . . ' - . 
. . ; .. -- ·. 
:A.:s: ~p:.sevtqu·sJy· m.entlone.d: it is felt that:;F'~AI3 uJ1d.~:r,;g:oe.s ·a· . 
. -
.. 
trartsf<;.rrtiation at tCJ30°F to,Fe2Al7 . Therefore, after tre:flt:rrients 
. ·G·'.Onducted abo.ve this t_exn:pe~at~re, _;p~rticle.s: of rel\l:3· w·e::r~ expected 
to ·be ·_present; while for treatments conducte·a :u·nder· this: temperature 
it was thought that pcl.1icles of Fe2Al7 w~uld be found. With the 
higher temperature treatments, FeA13 was indee·d p.::res.~nt ~n incre,as·.-
. 
- -
ing amounts su·c··h.that at _1180° F the fe2Al7 pre.s:e:n:f :was probably due 
· .. ·.3· ·1· . . . 
·.It 
. ~. 
.. . . - ··,•: ·:.; ·- .... "''~-- - . 
'. 
·'· 
to the· time lag upon quenching. How.ever, at the l9w·~r temperature 
treatments, the time allowed at temperature was quite "insufficient to 
allow fo:r a· complete transformation to Fe2_A1 7 _d_ue to ~he general 
· sluggishness of solid state reactions, 7 e~pecially those involving-a o· . 
· ': . ·;. . ·. . . . . . . . 7 1 5 18 19 parent phase s41~_ld~_d· .f..rorn .. the matrix by a product sheath. ' ' · ·· ' 
.... 
·The absence of any iderttif iable particles of Mg2A13in the heat 
f.retit_eg .$.trµctu-res: i.s .c.oti'sistent with the high. s·(}Ju:bility of magrtes.iu·m 
·.:irt :a·lumiirµin. at elevatect.·temperatur·es:: :(14:.·g wt.· o/o a_t. the eutectic 
·t1:1mpetature of 842° F)29 and the 1:$:nown a·b.so:rptlon of low melting 
' 
10 . . t . t t h t . . . . . 'Th. • ·t . . f. lt· t· ·h··. · ·t·. .. t t t t :(;·.~>:n.s= .l. u~n- s upon ea mg:. · ·: · _µ:s 1 1:$ = _.e.· : .· .. ·,. q/ upon rea m~n a 
. ~ 
-~ley-ated terrtper-ature.s· Mg2:A13 dissolv·e,s. wJi:ile: attairting:.,a sta{e of 
equilibrium ·with ··.the 6(:~Al. Th:e pres:enc.e of s.1Jta11· p:a·rticles of 
ticleS or their re-fQ::r-mat.ion· ·upon cooling. 
Copper =als.o· ha:~ g_ i;na·r..kedly greater :solirbility in· -~lµ:rn..inum 
-~t. :e.J~vated_ ·t-emtie.ra.tures· ·compared to· ~oorn ten:tp.e.ra'.i1.rr·e.: ( :5. 6 5-- w·t. · 
. .. 
. 
-o/o at tpe ·e.ut~·.ctic· temperature: ,of t 018° F). 2 g Th:e: a:b·senee of any 
identifiable _p~rticles _of CuMgA12 or Cu2 FeA17 :is c:on:sistent ·w=ith this 
•: knowledg~ .of .incr~~E>i:ng solubility with a.Ii inc.re.as:e- in ternpe.ratur.e ~ 
;.. 
·.• .. 
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Wrought Structu;r;e 
.... 
As pointed out by Sperry, 20 the wrought structure of an alloy 
is 1iery closely 't·elated to the preheated structure. Commercially, 
"::"" . ' 
the preheat treatment prior to hot rolling establishes a structure ver.Y 
.:similar to that o·btained throug.h the heat treatments carrie~ out in: 
th.is _i.nv.estigation-.. Thus it ts: ·not s.u.rprising to find in tl:I.e:wrought 
material small particle$ comprised of FeA13 and Fe2Al7" '.:(he$~ 
particles ¥te.r·e· .c:ibseryed ill th~ l_rf, 1/2'', and 1{4" hot, .. rolled mate.r-
ial and :ht.the o: .• Q.4ojt .cold. :rolled.prodµct. It :is :g·ene.r·a-Ily .. at.know.-, ... 
-.· 
.Jec}ge"El: tl1at p-reheatm,g::.an:d .r-olliitg tend, :to :q(hang-~ .and ·st:ring ou:t th:.e 
c9_p,f?.tiluents prese_nt in th.e ·C:ast stritcttrre.:. _ This pattern of .s:rnall 
0• •e, 
lin~d µp particles of the :iro·n~alu:minum pha·ses was o:bse·rved in the 
w:rought" str·ti.-ctures exam_ipe·ct., ·c;3._nd _ia.: const.st'et1t :with fhe heat treateci 
:.., ... _. 
-·~ 
I • 
.. 
· .. · :·: .. 
,: 
i 
! 
i 
' 
I 
' 
jf 
/ \ ... 
• 
.. •.. 
CONCLUSIONS 
A nu.m.:·ber"oJ· .:conclusions may ·be draw·n concerning the mrc·ro-
stru·.etu·r·e, id·ent~ty O.f CO:ristftuents P.r~;S~nt, and the effect of extended 
t-re.atments. at elevated t_e.rnperatu·res' on the aluminum'~ 1. Oo/o magne-
.sium alloy 5657 as a result 9f this ihv:e:_stigat.1op. 
that: , 
-~ 
a~. C·onstttu.~nt :partfc·Ies 'w,er.~: fo.und to exist prima-rtly ~long 
.grain ··b:ou.nd11.ri~·:o-: ·tn a. re;:gion :of :precipitate free ~-aluminum. 
'·Particle S·ize. vatiied. from the smallest resolvable size of 1-1 / 4: 
·· mJ.cx·ons, to _particles 60 :microns- ih .. lerigt.h. .. 
. j· 
'-. c. 1h the a:s .6:ast rp_ate:r.t~l -five p·hasei:3 lqesides o(-Al and a fine 
·, d. The lack of agreement in the .. JJt.e.ratur.e c·on·c:e·rriing the 
p,resence o{ ce.rtain· constituents. ·and their etching responses, can 
34 ,I 
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I be explam·~d considering both the sluggish ·pe.ri_tectoid nature of • r:u 
• • 
" 
certain reactions and the comm6n divorced ·eutectic structures 
present in aluminum alloys. These facto::rs· c·ontribute 'to a cor-
ing effect: in w·hJch, certain phases :~orm a s:heath aroun·d others, 
masking both .. Jhe morphology a_rtd etc.hirtg re·E>.ponsfr . 
,. 
• .J..'· ' . 
' '' ' '' ' ,' ' ' 
.• ' ' ' ' ' • 
' ' ''' ' ' . ·. ' . 
--~-
2 -~ A number of observatio_ns w e:·r=e. made on- th-e, -t.he:r-m~l~-y t:reat~-.d : __ ~-
eq.uilib:r:ium -s:trµ·ctures:;.'' 
a. There was a general disso).ution a.~spheroicli:za'tion: o:f the 
. 
., . , :~ r .. c:9n._stitU:ents ;pr·es=e11t leading _tq a: brett:kdown_ ·of the g_r.ain: boundax:y· . • .... · . ~ 
•. . 
. 
;. .~ . 
... 
:b-~ Ai 11-80° F. thEYre ·w-as a ma·r.k:ed ~:gg_lom.-e.ration {)t the p~r ... 
·10.we:1: teniperatur~s studied . 
. c .... · .A.·_.· f_.·irte p_ rec_ t __ ·,_P.· ita .. te_···_,. o<-Al, ·FeAl and F·e Al·· We.re. found in · · 3 ,· · · · 2 '' 7 --~ · 
theSE? sti-uctures; . with the relative amount of Fe2Al7 to FeA13 
,i~r1c·reasin:g with decreasing treatment te.ffi:.pl~ratur:-~.i, ., 
. 
. 
.3_ ... In the w:-ro.µ_gh..t ·structur.e the follow£n.g·=ob:serv-atipn$ ,w·ere_-ifhad_e: 
\ 
' I =wi:tl1: the: srt1a.ll p·C?-rticles strung out "in· the -rollin:.g di-r:ection. 
.,.. 
p •. The· constitµ·ents presentwefe . .the· sa:qtEr.,a>s thos:e !o.und 
l:r.t th.e. 111:c.lt°(e<rial after e.qu;ilib_:rtum th~_rmal. trea:tpi~nt's . 
••• 
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TAB:LE 1 - COMPOSITION OF 5657 ALLOY 
IVLg 
Fe· 
·.s:'1·.,. 
' .. 
Zn 
... - _· .. 
T.i · ~ 
Mn 
Cr 
:~ 
:N:orp_inaJ .{Wt._ o/o) 
d ~. 75- l .. 00, 
.0::. '0-9 max 
. . . . . •: 
//. 
lc . .. ·... . ·.· . .. . o:. ,os-~-·o: .. o.s: 
O .. 0:7 ·max " .. ·. • ..... · . .. . . . _ .. 
o ·(J:3- maJt" 
. ~ . . - . - . . .·• 
. . . 
·O. 0-3 max. 
., -~- . . ' ... •.· _ .. _. 
•: 
0 . 01 m:·a-x· .-.. 
,·. .. . . . . ' -- .·-·. 
. . 
:·B.alan-c:e 
.,,:-;--~j . - .... 
.... )1 
: .;~_~; ... ; .. :.,. ;; :. . . . ... 
•' 
-~-
Actual 
Spectrographic (Wt. o/o) 
0.88 
.o,: .. 0-.fl: 
O' ·05 : .. ·.. ' : 
.0 .,;Q:5 
0. :01 
0.01 
- . . -
..o· -o .. o 
. ;:·- .. ... . . - ·~ 
:o··: ::oo 
·- .. 
Balan·c.:e~ 
.. ' . .. . .. . . 
.. 
• ~ ......... ,.:. ,:;,:,. ,, '~;,-; .. ! .. , .. ,.:.1.:.,_..- .. 
-; . 
r 
\ 
.,. 
::..":J I 
3D 'a 
cJ 
I ,. • 
_, ','i_J ,. 
~~ .. 
:tr 
- --' 1 i I 
-b 
~· lJ? . II 
J 
. II" II 
I I 
,. 
~ II 
" 
.. , ·1 
• .. -li:,:11 
.• , u 1 
••:• I 
,. ' 
i 
~ .~. 
c:, ', 
. , 
" 
J 
'" --'' 
-----~-
Constituent 
_'...., .) 
' '~:-
( 
_,.. 
1 
• 
Ta·ble 2 - ETCHING CHARACTERISTICS OF CONSTITUENTS IN 5657 ALLOY 
. I 
Appearance 
As Polished 
I!nder · · 
White 
Light 
\ 
Purplish-
Gray, ~ 
outlined 
·· Purplish-
Gray 
Outlined 
Polarized 
Light 
• 
Black 
no 
change 
'\ 
Light to 
dark, 
Pronounce 
Da.rk 
CHANGE IN ,APEEARANCE CAUSED ·,BY ETCHING B1EACTION 
0. 5 ml HF 
1n 100 ml 
H20 .. 
20' C. 
0. 5 ml HF- 10 ml 
1. 5 ml HCl:.. H3Po4 
2 . 5 m. HN03 in 10 0 ml 
in 9 5. 5 ml . H2 o 
H2o 2o·c-. 
10 ml 
H3P04 
in 100 ml 
H20 
50°.c. 
25 ml 
HN03 
in 75 ml 
H20 
70° C . 
15 sec. 
swab., cold· 
wash 
20° C. 2 min.im-
15 sec. ihl'-
. mers1on 
-~arm rinse: 
1 min. im- 40 sec. 
. 
mers1on mers1on 
-0 
No change '. ·• . . .ii,,: . . .•,• 
:s1ightly · . ·· Slightly D:a1:-kEnted 
• 
'_Da;rkened Dark~ned, 
,· 
,/ 
im;me:r-
s1on 
. ., 
.. ,·rncre·as·ed 
o:utlining 
.. 
.. 
. .. 
... 
20 ml 
H2 S04 
iri 80 ml 
H20 
. 70• C. 
30 sec .im-
mersion 
cold 
..... · -· 
quenc.h 
. . 
j, 
1 o gm ,. · 
Fe(N03)2 
· 9 H20 ~IJ. 
100 ml 
' ' 
H20 
2o·c. 
3 0 sec. 
immer;.. 
sion 
k 
Attacked, No 
Blackened . change 
• 
,. 
-.~ -;, 
"'· 
: .... 
1 gm· 
NaOH in 
100 ml 
• 
H 20 
50°c. 
15 sec. 
swab 
wash 
:sr·ownish 
Tint 
• 
• -~:-_'·.;"' c:. •,ff 
' 
I'. U ·;: 
'II • ,;1 ~ 
. 
' 
I' 
' -
.. 
lOgm NaOH 
in 100 ml 
H2o 
7o·c. 
5 sec. im-
mersion 
.cold 
rinse 
\ . 
Attacked 
Darkened 
Ivory-
Pale green 
.No ¢hange No 
change n 
Nb c:l?,ange, · No: ,change' No c:hartge No ·change ·. No change No change l • .·• . . 
Darkened, 
depending 
. upon pol-
ishing. 
. Off white, ' 
green tint 
depending 
upon pol-
. ishing 
·"' 
Yellowish 
to dark 
. ,. 
slightly 
R,ema:ins 
da,rkened 
Yeilow-"own Sli_ght1y· 
to dark" darkened: 
Pronounced 
. , 
Attacked 
B1acker1ed 
·. . .. . . . .. . . 
't $ligbtly 
outlined 
"· 
Remains 
Darkened 
·,:." 
.. 
.. 
Remains Altacked 
. Darken'ed: , Black- r 
·· ened. 
. ' . 
Attacked 
Black-
ened: 
Remains Remains : .. .- . . .. . 
Da.rkerte·d -· Darkened 
No ·change No chan.ge No change '.r9:o clla-nge No change Slightly 
• 
Darkened 
, . 
·, 
.. 
Re~ai,n:s 
Darkened 
Slightly 
Darkened 
., . 
.. ;, . - . . 
;_ 
·• 
:.·.1.!,I,:· . ·; 
. i,~\ , I • , " I 
' 
> 
~. 
·,. 
~. 
\ 
-·~ 
' . 
TAB'.LE. 3 - SPECTROGRAPHIC'MEASURE OF 'THE VARIATION IN 
IRON CONTENT WITH DISTANCE IN FROM THE CAST 
EDGE IN 5657 ALLOY 
p:~·sJg:.nce from cast edge 
.. (in mm) 
0.20 .. 
. 1. 4·0 
I .. •·• 
·.\__ t .. 8·5-
'-:) - ...;.. 
:2: .. 54:" 
..... • __ : .· .... 
. . . . 
·3· 0·5 -~. _· - ;' . . ' .. '. ' 
'-.. . ' 
. "°"\ 
. "' 
,II_ •.• 
3.B 
.., . 
l-ron c·qqte.nt 
(w-t ~: o/.o} . 
.0 .. 1.7 
·o .. 1.1 
., 0 .. 2··9· 
·,O. ;. 13. 
:.o ·o.·il 
•-- .. 
o. o·g 
-
.. 
.\ 
ri, 
,: 
i, 
r·! 
!
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' 
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. j .• 
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. ~:~· 
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TABLE 4 - RESULTS OF ELECTRON MICROPROBE X-MY ANALYSIS ON 5657 ALLOY 
-~ 
C.ast .mate·ria1 , 
FeAl3-Fe2Al7 
Mg2Al3 
CuMgA12 
~u2.FeAl7 
Matrix .. 
Thermally trea::te.d 
at 1180° F 
FeA13 
Matrix 
The rmally tr·eat.ec;i9 
at 1 08 oo F ,, . 
. . • 
FeAl3 :- .. F:e.2AJ7 
·M:at·r-ix 
_ 11' wrought material 
-·FeA13 - Fe2Al7 · 
J.V[atrix 
-~-
-~ 
.Al 
·~· 
.. ' 
43 
• 
6 
44. 3 
63 
• 
5 
49 
• 
3 
86. 22 
.26 .9: 
,.. •' :.•' 
-9-2 • fi' 
5·0.-.• ·g:· 
9-l 
·• 
7· 
A· 
:65 7 
.· .... 
9·2 •. ·o. 
' 
Average Values (Wt. o/o) 
Mg · Fe Cu 
2 
• 2 1 1 • 7 o~ S· 
:rr .. i 0. 3 :Q _-::8· 
7. {> 0. 1 2.. :6 
1 .. 7 8. 8 .1 
• l 
2 5 n ·3: .. ~ -.-
. · .. _: •; ·.· -. _: 
- . 
- .--·.- 3 6 3 n· i3: • I 
0 ... s· 
- - - (}. 1 •-=· .... 
· .. 
.~:;:-·.~- 2:.:1 .. 7 0 ~ ,2 
·o:·•: 9: .... 
---
- 0 -<t-
' .. . 
·"' 
..... 
,...; -~.--. 
:Q •. 1-
·~.:.~-~-o ... :a . - ..... " 
' . 
·39·· ~. ·.: ' . 
Si* 
trace-
1 ·o 
. . .. 
trac:e-
tr.ace 
0 
..; . 1 
~-....;.. 
-
:-;- ..... 
-··-
~ 
'-
-- -
-·-~----
:·:1~·- ... ; 
--- -
··/ 
.. 
·: •'"'· .. __ ,.,,..,.,,-_. ·:· .. ' . 
. l ~,., _- ~·-. ~- • ; :,_, 
. ,.. . 
,> .. 
,, . 
0- : 
,, 
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TAB.LE. 5 - MAXIMUM PARTICLE SIZE IN THE AS CAST AND 
THERMALLY TREA.TED STRlJCTURES OF 5657 ALLOY~~ 
:M_:a:t.erial ·· :_ -
··Condi tiori: 
~· 
Cast 
... · ·o . 1180:·:,F 
' .. .. ·c; 10:30···.F 
:g,aoo.·_F 
...... o:- · .. 
:a··B,(Y· :F· 
b. 040'' :cold. r.o11e:d 
·· Bulk Mate rial 
. (in. microns) 
1. 9xl 9 .. 1 
,4. 3x.l 7 ., ·.g· 
. . 2: . :5'x 11 . i 
3'. .. ·7-x6. 2 
' p 
l.2x14.2 
4.9x6.2 
1 . 2xl 2 .. 3 
· ·6; 2.x6 2: 
. -~ .· ..•.. 
.i. .. .2 x6 ... -8: 
1 .. , ·a·x:/l .. 9 
1. 2·x6 8· .. . . - .. 
'2 • ,.5 .. x:t. 7 
1. 9··x13 .· 0 
·4 . 9-.X,·Q ~- 2 
.t .. ·g:x13. 0 
3. 7x7 4 
. .. . . . . .. . 
i g·x.1 4 
•·. . . -. . . ~ . - ·. 
3:, lx-3·. 7 
--· ,• . ·. - . . 
,. 
.. 
En·.·r-ic:hed Mate rial 
.• .. · .;• -· .... ' . 
'· ('in rnjcrons) 
1.9x61.7 
11.7x23.3 
17. 9x67 9 :· 
. .. . . .• 
3-6 ,4x38. 3: 
.. ~ . -. ' .. 
r . .·. 
1. 2x29. 0 
. ~ . 
4 ,. 3.:xl 3. 0 
.4. 3:x29 .. J~: 
4 ~-:9x.5. 6 
! • 
.1 ... 9-x2,5 . 3 
o .. 6:x9· .. ··9 
1 .9.x27 8 
. -- - .• . . •·. . . . . . ' 
:5 . 6 x.6· ... :,:,8 
2: . :5x2 7 .. 2· 
4: .· 9-:X. 7 ·. -~ 
. ... . '. . . .. 
-·--·- --.. '•· .. 
-:~ -- ...... 
:~f:T·he ·vc1.l.ue.s: rt~p:o·rte.d for· .e.a.q}1 Gon,ciition refer tq th.e· m~ximu:m 
s.:iz·:e elort~ated an~ :,~pl:te.~ .. idized _particle:$ :r.esJJ_EfC-tiveiy.:. 
.,. 
/."· 
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Figure 1 - Grain structure at the edge of a direct chill cast ingot 
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z 8 
0 
-tJ 0 fo 6 
~ 
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w 
5 2 
showing the observed inverse segregation and "white 
grain boundaries". Unetched. lOOX. 
9.93>/o . 
J 
.033mm. 
6.40°/o 
J 
.050mm. 
1.43°/o 
. 100rhm 
1.27°/~ 1.58°~ 11CJ>/o 12.7 31.o57i 
mm. m,:n m·m . 
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• 9 o _____ ___.._ ___ --'-~---......_ ____ ___.L_ 
.01 0.1 1.0 · 10 · 100 
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LOG. DISTANCE 
Figure 2 - Plot of the variation in second phase particle density 
with dista!}ce in from the cast edge . .. 
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Figure 3 - Particles of FeAl3 - Fe2Al7 as found in the cast struc-
ture. (a) Appearance under white light with the arrow 
indicating the boundary between FeAl3 and Fe2Al7. 
0. 5o/o HF etch; lOOOX. (b) Appearance under polar-
ized light showing FeAl3 (dark) and Fe2Al7 (white). 
0. 5% HF etch. lOOOX . 
.. 
' 
Figure 4 - Mg2Al3 ( white) shown characteristically enveloping 
iron-aluminum constituents ( dark) in the cast struc-
ture. · Oblique lighting. Unetched. 500& 
l 
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( e) 
.Electron microprobe X-ray analysis of the cast mater-ial. ( a) Light micrograph showing particles of 
.FeAl3-Fe2Al7- (A) and Mg2Al3 (B). Unetched. 250X, 
enlarged 3~. ( b) Back scattered electron image with the analysis line shown over particles A (FeA13-Fe2A17) and B (Mg2Al3). 750X. (c) Aluminum X-ray line scan 
showing a decrease in aluminum concentration at par-ticles A and B. 750X. (d) Iron X-ray line scan showing 
an increase in iron concentration at particle A. 750X. ( e) Magnesium X-ray line scan showing an increase in 
magnesium .con.centration at particle B and a decrease from the matrix concentration at particle A. 7 50X. 
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Figure 6 - Particles of CuMgA.12 ( dark) present with FeAl3 - Fe2Al7 ( gray) in the cast structure. Unetched. 1 OOOX. 
\ 
Figure 7 ~ Particles of Cu2FeAl 7 ( white) indicated by the arrow, 
present with CuMgA.12 ( dark) and FeAl3-Fe2Al7 ( gray) 
I 
in the cast structure. Unetched. 1 OOOX. 
~· .... ; ' ' ' .. '' .. 
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( a) (b) 
( c) ( d) ( e) . 
Figure S - Agglonierated·pa·rticles of FeA13 in the solute enriched 
material following a 100 hour treatment at 118D° F. 
( a) Particles of FeA13 taken under white light. Unetched. 500X. ( b) Area in figure Sa taken under polarized light 
showing particles of FeA13 ( dark). Unetched. 500X. ( c) Back scattered electron image of area in figure Sa .. 
500X. ( d) Aluminum X-ray image showing a decrease 
in aluminum content at FeAl3 particles compared to the 
mitrix. · -500X. (e) Iron X-ray image showing an in-
crease in iron content at p~rticles of FeA13 compared to 
the matrix. 500X. 
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Structure, in the solute enriched/ material following a 100 
I 
hour treatment at 1130° F.·, showing spheroi dized par-
ticles of FeA13-Fe2Al7. Unetched. ·500X. 
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Figure 10 - Structure in the bulk material following a 100 hour 
treatment at 1130° F., showing particles of FeA13-Fe2Al7. 
Unetched. 500X. ) 
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Figure 11 - Structure in the solute enriohed material following a 100 
hour treatment at 880° F. Unetched. 2 OOX. 
,l_ 
Figure 12 - Strung out particles of FeA13- Fe2Al7 in the 1" hot rolled 
material. Unetched. 200X. 
:,-
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Figure 13 
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The dark Electron micrograph of the cast structure. 
characteristically shaped constituent particles at the top 
of the picture appear in a number of the 600 A0 • thin 
sections. The scqre marks present are .the result of the 
sectioning process. 2800X. 
. . ._-,. 
.. 
r 
• 
' 
Figure 14 - Electron micrograph of the cast structure. The 
marks are the ·result of the sectioning process .. 
score 
8000X. 
' 
J 
48 
,.- - ...... ,_ 
\ 
( 
I 
- ,, 
I 
J 
- .~ 
~ : ,: 
li.:=:l -_ ,j 
:." ! 
fl 
1
J 
! 
I 
s : =··/ 
.'~ 11 _ .. '. 
:~. 
.;.;,::_.::;· ··. 
-~ ' .:: . 
-· 
:J 
References ,. . .... ~ - -· . ..;-~-~J.J"J,,,,, . .,__ .... .,"."-, \ 
l. Gwyer, A.G.C. and Phillips, H. W.L., 'iThe Cor1:s~ttutic>n of Alloys of Aluminum with Silicon and Iron", J. In.st. _'Met., 
. ,· v. 3 8 ( 192 7) pp. i 9- 83. 
' 
·2,. Gwyer,·,A. G. C., Phillips, H. W. L. a:nd Mann, L., "The. ·cpn:~ 
stitution of Alloys of Aluminum w~th Copper, Silicon. and. 
Iron", J. Inst. Met., v. 40 (l'92B) pp. 297-358. 
~ 
-3 ... }?hillips, H. W. L., "The Constitu.tion of<Alloys -of _Alumµium with Magnesium and Iron'",. J. I11:st. Met .. , v:. -.6·7 (1941) pp. 275-287. 
4... , "Th·e :Qo.nstitution of Allo.y_s of Aluminu·m w-:Ltb: 
___ M_a_g_n_e_s-iu-m-and Siltc.on", J. Inst_ ... M.et., v. 67 ( 1941:) 
:5-_ 
,•. 
~-
pp . 2 5 7 - ~ 7 3 . · , '! 
_ .... · , -11'1?-h,e -c:.onstitution of Alloys of .Al_u1n .. inutn with 
·Magne.$i.u_m, ·s·ilicon. and. Ir.on_,;·, J. Inst. Met., -v~. 'i2 ( 1946) pp. 151~2,27'~. 
. ,,..-
_..,--. 
,,6·: .• :Bromm.-elle,- N.S .. and -Phillips, H .. ·w.L-., ''·'the ·Constitut.i-"ort :of Aiumirium-c·o·pper-Magnesium Alloys-.,.', J .:_ lpst .... 1\i.t'e-.t .. ,; v .. 7:5 ( 1949) ·pp. 5·29-558. 
7. Phillips, H.-W.L .. , ·1-_'The Constitution of Alloy:s of Alumip/lJfu~ Copper ·a-nd ~ron"·,. J. Inst. Met., v. 82 :('19:53} pp ... 1_9·7-_2.-1-2 •:·i 
:a·. 
·. •' ' '· 
. ':• ... ... ,. "The- Constitution. of A1J1minum~Copper-Sili~ 
c·ori AlloyEf'T,· ,J, Inst. _Met., v. 82.· (1,953} pp. 9 ... -15·_ • 
·,• g·_. 
. .• .. .. __ .. _ , "Annoted Equilibriu-w Diagrams: of Some Alu:m-, in.~m S·ystems", · Monograph and Rep.art ,Series No. 2 5, Tn~t .. of. lV[etals, London ( 19 59). : ... · · · · ·-
1-Cl 
'· - ... • ... 
,:. 1; 
Little, A. T._,- Huni'e-Rothery, W. and Raynot·, a·.:v., rrT.h·e ·co.rt.·- .. 
:stitution of Alloys of Aluminum-Copper~·-Magnesium- ,al: 4:60° Q._:n:_,_, J . Inst. Met. , v. ·7 0 ( 19 4 4) pp . 4 9 1-· 50 6 . 
. . ·-: 1~·-.. :. 
.,_:,,.,J_ . ' 
11. $.t:;r_awbridge, P.J., Ilume-Rothery,W .. and Little, A-.. -T., ''°'The Constitution of Aluminum-Copper-Magnesium-Zinc _A-11oy-s 
at 460° C. ", J .. Jnst. Met., v4' 74 ( 1947) pp. 191-_2·2·5~ 
12 . Axon, , H. J. , "E qu_ilibrium Relations at 46 0° C ~ · in A lumL.~Q.nJ----Rich Alloys Containing 0- 7o/o Copµe.r, 0-?o/o Magn-esiuro, .. and. 0~ 6.o/6 
49 
.-...· 
..... : 
-· ·~-···-"'-"l·fl .... '.'l•,1•·_,,,,·· . .-· " 
i. 
.. : 
:;-: 
·-:t· 
··· SiliGon."', J. Inst. Met., V. 81 ( 1.9 52 - 5 3 ) pp. 4 49 ~ 4 5 0 . 
1_:3. Axon, .H_. J., "Equilibrium Relations at 460° C. in_Aluminum-
Rich Alloys-Containing 0-7o/o Copper, 0-7o/o Magnesium, 
and 1. 2o/o Silicon", J. Inst. -Met., v. 81 ( 1Q52-53) pp. 209-~Ja ... 
14. , "E·q.µilibrium Relations at 460° C. in Aluminum-----------Rich Alloys Containing 0- 7,o/o Copp.e·r, 0- 7% Magnesium, and 
:2:. Oo/o Silicon'', J. Inst. Met. , v .. 83: ( 19'53- 5.4} ·PP. 490-4'9·2·""''·····\ . 
. 
' 
l.}5.- Phragmen, G., "On the Phas .. e:s o·c·curring in Alloys .of Aluminum. 
with Copper,· Magnesium,·· Manganese, Iron and Silicon'·', J .. Inst. Met. , v. · 7·7 :( 19:50') pp. :48-9-552. · 
16. ·Schrader, A., "Atzh·eft''·,. :Berlin~ 19.39 (G.eb-ru<J.·e·r ·B_or·ntr.ae·,g~er) 
p. 15.. (As. ·Re.po.r,te.q.: in- :refe,rehce 15.) 
·· 
1 7. i<·elle·r, F. ~nd Wilcox, ·G: .• W .• , ''Identification of Constituents of 
A . luminum Alloys", Technical Paper No. 7, Aluminum Com--
·p:any of America, .. Pittsburgh, Pennsylvania ( 1942). 
1$-•. Mo·nct:olfo, L. F .·, M.etallography ~f Alumin.~tn Alloys, J. Wile_y 
.. and ·sons,. Inc .... , ·New· York ( 1943). 
1-9 .• Spttt.ry, P. R. , t'Metallographic Study ·of· ~quilib.riurn Relatfq:n.-
sli_ips: in- 3S Aluminum .Alloy'\ Traps ... AII\IB., v .. 2·03 (1.9 5.5.) 
. : . . . . p°f>. • 1. 4 5 ~ 1 :51 . 
:1tcl~_ :Spe.PJ\Y., :p. R., "The Interm-etall1q Plia/s-.e:s· in 2024 Alumin·um 
A1loy''., :Trans. ASM, v. ·1:S(l9·6:6)p.p. S-04-918. 
:21. Ba.rker, L. J., "A Metallogr~p.h.ic Stu.d:y of. Aluminu_m Allo.y· 35·,r,:. 
Iron Age, v. 163 (1949) pp. 74:-78. 
2.2.: .• Kehl, G. L., The Principles of Met~llographic Laboratory=.P.J~c1.q:--· tice, McG·raw-Hill Book Co., Inc., New Yor·k · ('i.9~9)~ · · · ··· 
:2::3: •. B·a.rker, L. J., "Revealing the Grain Structure_ of Co:mmon 
Alo.min.um Alloy Metallographic Sp~cim:~_n.s' \. T:rarJS. AS;M, 
v. 42 (1.95·0) pp. 347-356. 
24. Hilliard, J.E .. and Cahn, J. W., "An Eva.luation· of p:tocedures in Quantitative Metallography for Volume-Fraction Analysis", Trans. AIME, v. 2·21 (1961) pp .. ·3-3-:4-351. 
50 
. rJJ 
:, 
V . 
q 
' ,, 
·' 
'!: 
I 
t 
l 
t 
' .,,-..... ,.. ·"'-~· ····-
.. ~ 
. , 
:_2:5. Cambridge Microscan X- Ray Analyser, Carnb:rfd_g:e ·irtst'rurne:nt 
Co., Ltd., London (1961) 
:26. Thin Sectioning and Asso~iated Techniques for Electron Micro-
scopy, 2nd Edition, Ivan Sorvall, Inc. , Norwalk, Conn. 
( 1965). 
i 7.~ Phillips, V. A., "Direct Observations on Structure of Ultra,.-
microtomed Metals and'A1l_oys'', Advances in Electron IV.le.tal---
lography and Electron Pr_obe Microanalysis, ASTM Spec:'ial 
Publication No. 317, (1962) pp. 34-38. 
2;,8·. .Reed- Hill, R. E. , Physical Metallurgy· Principle_s:,, D. V:a·n 
No,strand Co., Inc., New York (1964). .-.. -
:2:.9. ·van :Horn, K. R., Editor, Aluminum, v. l." Properties, Physical 
Metallurgy and Phase Diagr~ms, A-SM, Metals Park, Ohio { l9 6 7). ~ 
3 :0:. ·c:·halmers., ._B . ., Principles of Solidific.E.t±ictn~ -J.. W..ile.y· a·n:_d _:S.:c;>1,1_:s:, 
·3'1 ' ·: ... 
Irfc: .. :, .-N_eWYbrk (1964). .. 
Bt·adle_y, A .. J., B-ragg, :W-::L;.,and.Syke·$,_ C< .. ~ ':'Re·s·~arc'hltito 
fh,e:· ·structµ,re of _Allo .. ys-.'', J ~ Lton -art:d S.teel Titst. '· 'V ,. 1.4.i .. 
. - ' . . ' . . . (19.1:·0J pp:. 63.~84. 
·a:2 .. , Ag-e~·v:, N. V., C.hief B.d.itor, Handbook of Binary Metallic. .s;:ys-
tems, Structure and Properti~s, v .1,. Editorial Boar·d o:f the· 
Institute of :Metallurgy of the Academy of Sciences of the 
USSR, M.oscow ( 1959);· translateq from Russ_ian by t~e: Is.ra-.el 
Program _fo.r Sc.ientific Translations, Jerusalem: (.19·66). ·-· 
' /· 
3:3 .. .Pra:ft, J .. N. and. Raynor., G. V: .. , "The InJermetallic c·ompo1{nds. 
1.n_. the Alloys of Alum.irtum -and_ :Silicon w:-fth Chromium~, IVL"an_-
. g,at1e.se_,__ Iro:n, Cobalt ·and .Ni¢keJ' ,-, _J .. I;n$t. IV.Let., v. 79 
~ ( 19 5.1 ) p_p . 211 ~ 2 ·3 2 ,• 
:3·._4_ Hanso.n, D. a.··n·d Gayler, M. L. ·v ... ,: ::,'The: Cons:t.itutfon. and Age-
H:a_rd·ening· of the Alloys of A1umin.lim. with -M~gne:sium and 
Silicon''., J .. Jnst._ Met. , v. 2 6: (1921)- P.P·· .3.21-3:55. 
'" 
.:- . 
, •• :. • ' '• ..... ~-,.;•~ • ·•'" : .... '• • I .. 
· 51 ,, 
.": 
.• 1 
, .. "'l 
I 
l 
! 
l 
l 
l 
i 
t 
I 
,·d 
'· 
-on .. A p:r:il 7 , 
•. 
:I· 
·yita 
Rtcbard .Ftari:klin Lynch. ·w::~q l:>0rn in Orange, N.ew· J:e::r-s.:ey. 
1943to,Richa..rdAndrew and Mildred (Juras) LynJ. He., 
.:r·~·c~iv.e.d his: elementary ~duc·ation in the ·pub.lie s.chools of. Blo.om.~. ' 
. 
fie}_a·., :Ne_w .. Je:r-sey ahq gt~a.d·ua~ecl fro.ni: Blo.omfield High School in 
.June·, · 1.·9 61 . Richard attehd:·e.d ·L.e:high· :U)JJy·e.rsity where he receive.9 . ~ . . 
...... 
·h:e. is =pre.:serttly pursuing 'his g_rad .. ua·te: educatiQ_n. in :th·e-: :s:ame fie. -:: ___ ·.:·c.--: ----
'The a.u.thor ·has ha.c;l indu.stria1 exper±e.nc~ -~:1~ a ·1ab·orafory 
tr-aine.e· =a.ss,is:ttng t}):·~· :me:tallu·rgic-a1 engin~e,ring ·staff of the Bo.wmet 
:C.=orpoX'atio_n .. 
Richard 'i's: :m·q:rrt.e,p .. to·· the :fo:r·m.e.r· .Lynn" GJ·o~l- -or· .BlQ.(Jrn,-. 
:fJeJ~; .Ne.w Jersey:'~-
·: .. ,· 
". 
~.: 
. ; /,; 
' 
1 
:) . 
·-~ 
. '·-,. 
J 
